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Abstract 
Stagonospora nodorum is a host-sp eci fic necrotrophic pathogen of wheat and the 
causal agent of stagonospora nodorum blotch (SNB). Stagonospora nodorum 
secretes seve ral unique effector protei ns that induce chlorosis and necrosis on 
leaves of susceptible hosts. Several dominant genes in the host confer 
susceptibility to Stagonospora nodorum effecto rs in an inverse gene-for-gene 
manner. The mechanisms underlyi ng effector-induced necrosis are yet to be fully 
elucidated. The aim of this study was to determine the host metabolite response to 
infiltration of purified effectors. Compre hensive metabolite profiling was used to 
analyse host primary and secondary metabo lite changes after infiltration of the 
effectors SnToxA and SnTox3. 
SnToxA induced significant pe rturbations in primary metabolism leading to 
increases in tricarboxylic acid cycle metabolites and metabolites invo lved in 
detoxificatio n of reactive oxygen species. SnToxA also induced host tryp tophan 
metabolism causing accumulation of th e secondary metabolites serotonin and 6-
methoxy-2-benzoxazolinone (MBOA) . Growth and pathogenicity assays on 
Stagonospora nodorum revealed MBOA reduced in vitro growth at 0.3 mM and 
completely inhibited spore germination at 3 mM. Application of 1 mM exogenous 
serotonin inhibited asexual sporulation of Stagonospora nodorum, resulting in a 
10-fold reduction in the number of spores produced in vitro and in vivo. Although 
no vis ible difference in the number or ap pearance of pycnidia was observed, 
microsco py revealed that serotonin disrupted the development and maturation of 
the spores within pycnidia. Metabolite profiling of Stagonospora nodorum exposed 
to exogenous serotonin revealed a signi ficant reduction in the disaccharide 
trehalose, wh ich has been shown to be required fo r sporulation of Stagonospora 
V 
nodorum. Relative quantitation of serotonin in infected plants demonstrated a 
s ignifi cant difference between plants with varying effector sensitivities. Plants 
harbouring multiple susceptib ility loci accumulated 10-fold less seroton in than 
those on ly sensitive to SnToxA. 
The primary metabolite response of wheat to SnTox3 was similar to that induced 
by SnToxA. In contrast, SnTox3 induced different host secondary metabolite 
responses including the phenylpropanoid pathway evident by accumulation of 
putatively identified feruloylquinic acid and chlorogenic acid. SnTox3 also caused 
accumu lation of th e putatively identified cyanogenic glycoside dhurrin. The 
tryptophan-derived metabolites induced by SnToxA were not observed in SnTox3-
infiltrated wheat. 
Next generation sequencing was utilised to investigate gene expression of 
Stagonospora nodorum during the initial stages of infection on a susceptible and 
non-susceptible cultivar. There were no obvious differences in hyphal proliferation 
or plant cell death at 8 to 48 hpi observed by trypan blue viabi lity staining and 
microscopy. Symptom development during infection on the non -susceptible 
cultivar was arrested four to five days post infection at which point effector-
induced necrosis was observed on the susce ptible cultivar. Remarkably, 
Stagonospora nodorum was re isolated from within leaves of non-susceptible plants 
at three weeks post infection in the absence of effector-induced plant cell death. 
Although the onset of spore germination on leaves was observed at six hours post 
infection, by eight hours a substantial induction of gene expression had occurred 
exclusive ly on susce ptible plants. All three cha racterized Stagonospora nodorum 
effectors were expressed at significantly higher leve ls on th e susceptible cultivar. 
Additionally, severa l further candidate effector genes we re proposed. 
vi 
Abbreviations 
acetyl-coA 
ANOVA 
ATP 
avr 
BLAST 
bp 
bx 
CAP 
CAS 
cDNA 
cm 
CRIS PR 
CuS04 
CV. 
DLA 
dpi 
DUF 
E value 
ET! 
acetyl co -enzyme A 
analysis of variance 
adenosine triphosphate 
avirulence 
basic loca l a lignment search tool 
nucl eo tid e base pair( s) 
benzoxazi noid 
cysteine-rich secretory proteins, antigen 5, and 
pathoge nesis- related 1 protein 
CRISPR-associated sequences 
com plementary deoxyribonucleic acid 
centimeter 
clustered regularly interspaced short palindromic 
repeats 
coppe r sulfate 
cultivar 
detached lea f assay 
days post infection 
dom ain of unknown function 
expect value 
effector triggered immunity 
vii 
ETS 
FDR 
FeS04 
g 
g 
GABA 
Gb 
GC content 
GC-MS 
GO 
HCA 
hpi 
HR 
ID 
JG! 
Kb 
KCl 
KOG 
L 
LC-MS 
LRR 
effector triggered susceptibility 
false discovery rate 
iron sulfate 
gram(s) 
gravity 
gamma amino butyric acid 
giga basepair(s) 
guanine/cytosine content 
gas chromatography mass spectrometry 
gene ontology 
hierarchical clustering analysis 
hours post infection 
hypersensitive response 
identification 
joint genome institute 
kilo basepair(s) 
potassium chloride 
eukaryotic orthol ogous groups 
litre(s) 
liquid chromatography mass spectrometry 
leucine rich repeat 
viii 
M 
Mb 
MBOA 
mg 
MgSQ4 
min 
mL 
mm 
mM 
MM 
Mal 
mRNA 
NaH2P04 
NaN03 
NBS 
NCBI 
ng 
NGS 
P value 
PAMP 
PC 
molar 
mega basepair(s) 
6-methoxy-2-benzoxazolinone 
milligrams 
magnesium sulfate 
minute(s) 
milliliter(s) 
millimeter(s) 
millimolar 
minimal media 
mole(s) 
messenger ribonucleic acid 
sodium hydrogen phoshpate 
sodium nitrate 
nucleotide binding site 
national centre for biotechnology information 
nanogram(s) 
next generation sequencing 
probabi lity value 
pathogen associated molecular pattern 
principal component 
ix 
PCA 
PCD 
PE 
PR 
PTI 
Q-ToF 
qPCR 
Rgene 
RCP 
RNA 
ROK 
ROS 
RPK 
RPKM 
RT 
RT-PCR 
S/TPK 
SAM tools 
SE 
SNB 
principal component analysis 
programmed cell death 
paired end 
pathogenesis related 
PAMP-triggered immunity 
quadrupole time-of-flight 
quantitative polymerase chain reaction 
resistance gene 
repeat containing proteins 
ribonucleic acid 
repressor, open reading frame, kinase 
reactive oxygen species 
reads per kilobase of exon mod el 
reads per kilo base of exon model per million mapped 
reads 
retention time 
real-time polyermase chain reaction 
serine/threon ine protein kinase 
sequence alignment/map tools 
standard error 
stagonospora nodorum blotch 
X 
SNOG 
SNP 
spp. 
Stdev 
TBE 
TCA 
TMS 
Tween20 
µg 
µL 
µM 
VSPDA 
WT 
ZnSQ4 
Stagonospora nodorum gene 
single nucleotide polymorphism 
species 
standard deviation 
tris /borate/ ethylenediaminetetraacetic acid 
tricarboxylic acid 
trimethylsilyl 
polyoxyethylenesorbitan monolaurate 
microgram( s) 
microliter(s) 
micro molar 
potato dextrose agar supplemented with VB juice 
wild type 
zinc sulfate 
xi 
Table of Contents 
Chapter 1: Introduction .................................................................................................. 1 
1.1 Fungal pathogens and plant defence 
1.1.1 Pathogen recognition, effectors and plant immunity .. 2 
1.1.2 Effector triggered susceptibility (ETS) and necrotrophs 
1.1.3 Class ical res istance gene homologs that confer susceptibility to necrotrop hs .4 
1.2 The role of plant secondary metabolites in pathogen defence ................ .. .. ..... ... 6 
1.3 Stagonospora nodorum .... ................. ... ... ...... ........ ....... .... ........................ ............. .......... 23 
1.3.1 Stagonospora nodorum blotch (SNB) disease and w heat... .................................... 23 
1.3.2 Stago nospora 24 
1.3.3 Necrotrophic effectors produced by Stagonospora nodorum .. . ........ ... 25 
1.3.3 .1 
1.3.3.2 
1.4 Summary .......... .. .......... ................ .. .. ...................... 27 
Chapter 2: The primary metabolite response of wheat to the Stagonospora 
nodorum effector SnToxA 29 
Chapter 3: Characterization of the secondary metabolite response of wheat 
to the Stagonospora nodorum effector SnToxA ........................................................ 48 
Chapte r 4: Establishing the primary and secondary metabolite response to 
the Stagonospora nodorum SnTox3 effector 67 
Chapter 5: RNA sequencing of susceptible and non-susceptible wheat 
cultivars infected with Stagonospora nodorum 116 
5.1 Introduction 
xii 
5.2 Materials and methods ......... .......... .... .................. .. ................... .. ................................. 120 
5.2.1 Plant material and growth conditions .......................................................................... 120 
5.2.2 Fungal strain and growth conditions ....................................... .. ........................ 121 
5.2.3 Detached 121 
5.2.4 Trypan blue stain and light microscopy 121 
5.2.5 Re-isolation of Stagonospora nodorum from detached leaves ........................... 122 
5.2.6 Generation of samples for RNA sequencing ................................................................ 122 
5.2.7 RNA 122 
5.2.8 Illumina sequencing 123 
5.2.9 Bioinformatic analysis 123 
5.2.9.1 Qual ity 
5.2.9.2 Alignment to the S. nodorum genome .. .. .......... 123 
5.2.9.3 Identification of most highly expressed fungal genes ..................... . . ....... 124 
5.2.9.4 Retrieval of protein sequences and functional analysis ...................................... .. .... ... .. 125 
5.3 Results ... .. ............. ... .. ... ... .. ..... ... .................... ............................. ... .................... ................. 125 
5.3.1 Characterization of the Stagonospora nodorum and wheat interaction on 
susceptible and non-susceptible cultivars 125 
5.3.2 Preparation of RNA for Illumina sequencing ................................. . . ............. 133 
5.3.2.1 Validation ofa successful infection 
5.3.2.2 Extraction 
5.3.3 Bioinformatic analysis of RNA sequencing 137 
5.3.3.1 Quality control and 
5.3.3.2 Identification of fungal specific transcripts .. . ... 137 
5.3.3.3 Coverage and normalization to transcript length . . .. ............. . . ....... ... ....... 138 
xiii 
5.3.4 Characterisat ion of genes with pote ntia l roles in pathogenicity 138 
5.3.4.1 Characterization of most highly expressed fungal ge nes .. ..138 
5.3.4.2 A recently pred icted gene demonstrated th e hi ghest RNA sequencing coverage 
during infection ........................... . ................................... ....................................... 139 
5.3.4.3 Potential effector canmaates 
5.3.4.4 Rapidly induced ge nes with potential in host perception 
5.3.4.5 Gene express ion of Stagonospora nodorum proven effector proteins. 
142 
147 
150 
5.4 Discussion ...... ...... ... .......... ................ ....... ... ............ .. ........... ....... .................... .. ... ... ... ....... 152 
5.4.1 Aim s 152 
5.4.2 S. nodorum growth is arrested during in fection of a non-susceptibl e host but 
the pathogen is a ble to survive in the 152 
5.4.3 Cha ll enges of transcriptome ana lys is of host-pathogen interactions ............. 154 
5.4.4 Normal isa tion methods for RNA sequenci ng data 155 
5.4.5 Expression of known S. nodorum effecto r ge nes ....... . . ........... .. ... . .... 157 
5.4.6 Major transcriptional reprogramming during a compatible interaction 
suggests that S. nodorum perceives different host genotypes 
5.4.7 Selection of genes w ith potentia ll y important roles in infection 
5.4.7.1 Potentia l effector 
5.4.7.2 Genes invo lved in percepti on of the 
Chapter 6: Final conclusions 
159 
160 
161 
163 
166 
6.1 Overview and key findings .. ..... ............... ...... ...... ...... .... .. .................... .. .......... .. ... .. .. ... 167 
6.2 Final conclusions .. .... .............. .... .. 
6.3 Future direction .... ................. . .. 
Chapter 7: Bibliography .................................. .. ............... .... ....................... .. ... .. ........ 175 
xiv 
Chapter 8: Appendices ................................................................................................ 190 
8.1 Supplementary information for Chapter 3 ............................................................ 191 
8.2 Supplementary information for Chapter 4 ............................................................ 206 
8.3 Supplementary information for Chapter 5 ............................................... .. .......... . 219 
xv 
-
-
-
-
~
-
-
-
-
-
-
-
-
-
-
1.1 Fungal pathogens and plant defence 
The immobile nature of plants renders them highly vulnerable to attack by 
pathogens and herbivores. Plants have therefore evolved an extensive array of 
mechanisms to persist and thrive in the presence of these threats. Considering the 
vast number of potential plant pathogens that exist, it is clear that most plants are 
resistant to the majority of pathogens. During an attempted infection by a 
pathogen, plants recognise 'non-self components and subsequently initiate basal 
defence responses that are effective at preventing colonisation by the majority of 
pathogens (Dang! and Jones, 2001). In response, specific pathogens have evolved 
mechanisms to avoid recognition or overcome plant defence responses in 
particular hosts leading to the establishment of a successful infection. In a constant 
evolutionary battle, there is continuous selection for pathogen isolates with novel 
activities to overcome plant immunity and simultaneously for plant genotypes that 
can re-establish immunity. 
1.1.1 Pathogen recognition, effectors and plant immunity 
Plants have the ability to recognise a wide range of pathogens by detecting 
pathogen associated molecular patterns (PAMPs) (Jones and Dang!, 2006). PAMPs 
are highly conserved molecules produced by the pathogen that are not present in 
plants. The plant can specifically detect the presence of these 'non-self 
determinants and initiate a defence response called PAMP-triggered immunity 
(PT!). PT! does not often go unanswered; pathogens have evolved mechanisms to 
overcome this first line of defence. An example of this is the secretion of fungal 
effectors encoded by avirulence (avr) genes leading to effector-triggered 
susceptibility (ETS) (Chisholm et al., 2006). These virulence factors aid the 
pathogen in successfully infecting the host by various mechanisms including 
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avoidance of plant recogniti on and overcoming plant immunity. The majori ty of 
proteinace ous fungal effectors are small, secreted and cys teine rich for stability 
and pro tecti on from proteases (Friesen et a l., 2008; Tan et a l., 2010) . Often 
secreted into the apoplas t, seve ral effectors are also translocated into host cell s by 
unknown mechanisms (Manning and Ciuffetti, 2005; Catanza riti et al., 200 6; 
Stergiopoulos and De Wit, 2009). Assigning functions to effectors is complicated by 
the fa ct th at th ey typi cally show low or no homology to known proteins. 
Consequently, it is likely that many have a unique mod e-of-action (Ciuffetti et al., 
1997; Liu et al., 2009; Stergiopoulos and De Wit, 2009) . 
Plants have developed the ability to recognise many fungal effectors with 
resistance (R) proteins (B ent, 1996). Once recognition occurs, these R proteins 
initiate a second level of plant defence involving the hypersensitive res ponse (HR) 
and host cell death that ultimately leads to effector triggered immunity (ET!). Thi s 
interac tion between a host R gene and a pathogen effector gene is termed a 
classical ge ne-for-gene interac tion (Flo r, 1942). A limited number of direct 
interac tions of effector pro teins and R proteins exist du e to th e abili ty of effectors 
to und ergo rapid mutations conferring structural changes that evade binding. 
More co mmon is the effector guard mod el that involves an R protein guarding the 
target of the fungal effector (Van Der Biezen and Jon es, 1998). Con fo rmational 
changes detected in the target result in activa tion of downstrea m plant defe nce 
res ponses by R genes. 
The larges t class of R genes encode nucl eo tid e binding site-l euci ne ri ch repea t 
(NBS-L RR) proteins (Meyers et a l., 2003). These ge ne fam ili es are one of the 
largest known in pla nts with the genome of rice (Oryzae sativa) encod ing over 400 
NBS- LRR R prote ins (Mo nos i et al., 2004) . The NBS domain is responsible fo r ATP 
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hydrolysis leading to conformational changes and initiating downstream defence 
signalling while the LRR domain is involved in protein-protein interactions and 
ligand binding (McHale et al., 2006). The mechanism by which the NBS-LRR 
proteins recognise effectors and initiate plant defence responses is largely 
unknown. 
1.1.2 Effector triggered susceptibility (ETS) and necrotrophs 
In the discussed model, ET! is activated upon plant recognition of effectors and 
induces HR and cell death in the host. ET! is effective in preventing the spread of 
biotrophic pathogens, which require living host tissue to survive. In contrast, the 
survival of necrotrophic pathogens requires nutrients released from dead plant 
tissue and therefore HR is an ineffective mechanism for control of necrotrophs 
(Glazebrook, 2005). Certain necrotrophic pathogens are known to secrete effectors 
that initiate plant defence responses similar to those induced by biotrophic 
pathogens (Lorang et al., 2007; Vincent et al., 2012; Du Fall and Solomon, 2013). It 
is postulated that necrotrophs take advantage of the HR to acquire nutrients and 
successfully infect the host. This is termed ETS (Hammond-Kosack and Rudd, 
2008; Liu et al., 2012b). Unlike classical gene-for-gene interactions that lead to 
resistance, the interaction of necrotrophic effectors with host genes leads to 
susceptibility and hence are referred to as inverse gene-for-gene interactions 
(Friesen et al., 2008). 
1.1.3 Classical resistance gene homologues that confer susceptibility to 
necrotrophs 
Avena sativa (Oat) has long been known to carry the Pc-2 gene that confers 
resistance to the biotrophic pathogen Puccinia corona ta or crown rust (Mayama et 
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al., 1981). Interestingly, it is now thought that this gene also confers susceptibility 
to the host-speci fic effector victorin produced by the necrotrophic pathogen 
Cochliobolus victorae (Mayama et al., 1995). Susceptibility to victorin was 
discovered in Arabidopsis thaliana lead ing to the discovery of the LOVl gene (locus 
orchestrating victorin effects 1) that molecular genetic approaches have failed to 
separate from rust res istance in oats. LOVl encodes an R gene-like NBS-LRR 
protein typical of classical resistance genes (Lorang et al., 2007). Victorin 
treatment of A. thaliana harbouring LOVl induces typical plant defence responses 
including expression of the defence response marker pathogenesis rela ted-1 (PR-
1) and the production of the phytoalexin camalexin. Recent research determin ed 
that victorin functions by binding a thioredoxin that subsequently activates LOVl 
ultimately causing host cell death. In the presence of the necrotroph C. victorae, 
this interaction results in host susceptibility and disease (Lorang et al., 2012). 
The Pc locus in Sorghum biocolor confers host sensitivity to the PC toxin produced 
by Periconia circinata (Ransom et al., 1992). Recent cloning of the PC susceptibility 
gene in Sorghum revealed another NBS-LRR type protein similar to classica l R 
genes (Nagy et a l., 2007; Nagy a nd Bennetzen, 2008). It is unknown how the PC 
toxin interacts with this susceptibility gene to cause host cell death. 
The best-characterised necrotrophic effector protein is PtrToxA produced by the 
wheat pathogen Pyrenophora tritici-repentis (Ciuffetti et a l., 2010). A single 
dominant gene in wheat called Tsnl co nfers se nsitivity to PtrToxA. Secretion of 
PtrToxA during infection of a susceptibl e w heat cultivars causes light dependent 
tissue necrosis induced through interference of the plants photosynthetic 
machinery (Manning and Ciuffetti, 2005). Recently it was identifi ed that Tsnl is 
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another R gene-like susceptibility gene encoding an NBS-LRR protein (Faris et al., 
2010). 
The discovery of the activity of classical R genes to confer susceptibly has given 
rise to the theory that necrotrophs induce R gene-like plant defence responses and 
exploit the subsequent cell death to establish a successful infection. The 
mechanism by which necrotrophic effectors interact with their corresponding 
susceptibility genes is not well understood. Although necrotrophs benefit from the 
plant cell death induced during a typical plant resistance response, it is unclear 
how they survive other aspects of the plant defence response such as phytoalexins 
and reactive oxygen species in the stages preceding effector-induced host cell 
death. 
1.2 The role of plant secondary metabolites in pathogen defence 
One component of the broad range basal plant defence response that confers 
resistance to the majority of pathogens is plant secondary metabolites (Bennett 
and Wallsgrove, 1994 ). Secondary metabolites are considered non-essential for 
basic growth and development of plants but often confer survival advantages 
particularly with regard to pathogen resistance. Plants are estimated to contain 
many thousands of secondary metabolites. The identification of these metabolites 
and a greater understanding of their role and activities holds potential for 
increasing the resistance of crop plants to pathogens. 
This thesis attempts to gain insight into the susceptibility of plants to the 
necrotrophic pathogen Stagonospora nodorum by observing changes in wheat 
secondary metabolism after exposure to S. nodorum effectors. While metabolomics 
studies of plant secondary metabolites have become increasingly common in the 
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last decade, many of these experiments have been performed using the model 
plant A. thaliana. However, secondary metabolites can vary significantly between 
plants of different families. For example, the glucosinolates found in A. thaliana 
that are involved in plant innate immunity are entirely absent from members of 
the Poaceae family including wheat and other crop plants (Clay et al., 2009). The 
following review focuses specifically on published literature concerning wheat 
secondary metabolites an d their potential in plant defence responses to pathogens. 
Title: Role of Cereal Secondary Metabolites Involved in Mediating the Outcome of 
Plant-Pathogen Interactions 
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Abstract: Cereal crops such as wheat, rice and barley underpin the staple diet for human 
consumption globally. A multitude of threats to stable and secure yietds of these crops 
exist including from losses caused by pathogens, particularly fungal. Plants have evolved 
complex mechanisms to resist pathogens including programmed cell death responses, the 
release of pathogenicity-related proteins and oxidative bursts. Another such mechanism is 
the synthesis and release of secondary metabolites toxic to potential pathogens. Several 
classes of these compounds have been identified and their anti-fungal properties demonstrated. 
However the lack of suitable analytical techniques has hampered the progress of 
identifying and exploiting more of these novel metabolites. In this review, we summarise 
the role of the secondary metabolites in cereal crop diseases and briefly touch on the 
analytical techniques that hold the key to unlocking their potential in reducing yield losses. 
Keywords: secondary metabolite; plant defence; pathogen; cereal; metabolism; 
benzoxazinoid; isoprenoid; terpene; flavonoid; cyanogenic glycoside; saponin 
1. Introduction 
Eight major cereal crops including wheat, rice, barley, oat, rye, com, sorghum and millet make up 
two-thirds of the worlds food supply [1]. Estimates list approximately 2.5 billion tonnes of cereals 
were produced in 2009, steadily growing from 800 million tonnes in the 1960's [2]. Biotic stresses, 
such as those caused by fungal pathogens, represent the greatest threat to global cereal production. For 
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example, an epidemic of rice blast disease caused disastrous crop losses across China in the I 980 's 
affecting up to 12% of the its rice acreage [3]. Fusarium head blight (scab ; FHB) has historically been 
responsible for ex tens ive crop losses throughout the world ranging from 15%-50% of wheat, barley 
and oat crops [4]. Rust fi.mgus is also a significant pathogen of cereals causing losses of0.73- l.73 million 
tonnes in lndia and Pakistan during 1972 and 1973 [I]. These are but a handful o f many such examples. 
Taking into account the vast nwnber of potentia l plant pathogens that exist, the actual amount of 
disease is relative ly small. This is attributable to an intricate array of defence mechanisms plants have 
evo lved over time as a necessity to surv ive their immobile nature. Typically, disease is avo ided when a 
host plant recognises the presence of a pathogen. Th is recognition activates various plant defence 
responses including phytoalexin production, primary metabolite signalling, production of reactive 
oxygen species, protease and chitinase production, cross-linking of cell wa ll po lymers, production of 
pathogenesis related (PR) proteins and the hypersensitive response, which leads to localised cell death [5]. 
Phys ical defence mechani sms are also crucial in pathogen attack namely solidi fy ing of ce ll walls with 
lign in, polymerisation and cross linking also to strengthen cell walls and the presence of cuticular 
waxes. For a rev iew on plant defence responses see [6]. 
Plants synthesise a diverse range of secondary metabolites active in defence aga inst a wi de variety 
of pathogens [7]. These secondary metabolites offer a survi va l advantage to the plant during pathogen 
attack but are generally considered non-essential for basic plant metabolism (Dixon, 2001 ). These 
metabolites have various roles such as feeding deterrents, all elopathic compounds and antimicrobial 
agents [8] and are either constitutive ly produced (phytoanticipans) or pathogen/stress induced 
compounds (phytoalex ins) [9,10]. 
In recent years, substantial advances have been made in discovering and characteri sing secondary 
metabolites from both plant and animal sources. Significant technologica l advancements in high 
throughput and mass spectrometry (MS) have evolved a new research disc ipline ca lled metabolomics -
the study of small molecules in bio logical systems. A number of techniques are used for high 
throughput analys is of an extensive range of structurally and chemically di ve rse metabolites . Gas 
Chromatography-Mass Spectrometry (GC-MS) is utili sed fo r analys is of polar metabolites fo llowi ng 
chem ical derivatisation and volatiles using headspace analys is. Liquid Chromatography-Mass 
Spectrometry (LC-MS) is capable of analys ing a range of polar and semi-polar compounds for which 
no chemica l derivatisation is required. Nuclear Magnetic Resonance (NMR) Spectroscopy and Fourier 
Transfonn Infrared (FT!R) Spectroscopy are also utili sed to structurally characterise sma ll molecules 
however due to a combination of cost and complexity of the resulting data they are not as comm on as 
GC and LC-MS. These teclmiques enab le identification and quant ification of metabolites, which through 
carefully designed biological experiments, can be utili sed to unravel the complex metabolite responses 
of plants to pathogens. An advantage of these metabolomics approaches over genomic and proteomic 
approaches is the ab ility to detem1ine the exact metabolic state of the plant after pathogen in fect ion . 
This rev iew will describe secondary metabolites involved in mediating the outcome of plant-
pathogen interact ions in cereals. Secondary metabolites will be discussed in the context of chemica l 
class rather than their ro les as phytoanticipan or phytoalexins as a number of compounds fa ll into both 
these categories in different species. These secondary metabolites offer tremendous potentia l fo r plant 
breeding and metabolic engineering in agriculture to aid in controlling ex isting disease losses [ 11 , 12]. 
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2. Benzoxazinoids 
Benzoxazinoids (Bxs) are a class of secondary metabolites widely distributed in cereals discovered 
in the l 950's and since found to have a range of biological roles including alleopathy, resistance to 
insects and defence against pathogens [13-15). Bxs are synthesised from the amino acid tryptophan in 
the shikimate pathway (Figure 1 ). They are present in maize; wheat, rye and certain wild barley species 
however have not been found in cultivated barley varieties, oat or rice [15 ,16]. These compounds are 
found in all parts of the plants but are present at higher levels in younger leaves [ 15). Bxs are stored in an 
inactive glucoside form in plant vacuoles or plastids to avoid toxicity to the plant itself; they undergo 
enzymatic and chemical degradation upon tissue disruption to form the active benzoxazinoid [16,17). 
The mechanism by which these compounds exert phytotoxic activity may be due to: their mutagenic 
effects on DNA, ability to react with amino acids and perhaps therefore disrupt proteins [18). 
Figure 1. Simplified diagram illustrating the biosynthetic pathways of the discussed plant 
secondary metabolites involved in pathogen defence. Cyanogenic glucosides, flavonoids 
and benzoxazanoids are all synthesised from the aromatic amino acids derived from 
shikimate. Saponins and terpenoids are synthesised via the melavonate or non-melavonate 
pathway in plants, which occur in the cytoplasm and plastids of plants respectively. 
Mevalonate or non-
mevalonate pathway Shikimate pathway 
The most commoffBx in rye and wild barley is 2,4-dihydroxy-2H-l,4-benzoxazin-3(4H)-one (DIBOA) 
and in maize and whea! is 2,4-dihydroxy-7-methoxy-2H-l,4-benzoxazin-3(4H)-one (DIMBOA) (Table 1). 
Bxs are also involved in plant defence against pathogenic fungi that cause very little tissue disruption [19] 
suggesting other methods of Bx-mediated resistance. Ahmad et al. [20], investigated the role of Bxs in 
resistance of maize to the necrotrophic fungus Setosphaeri9 turtica at stages prior to tissue disruption. 
They found that Bxs accumulate at the highest concentration in apoplastic leaf extracts and are critical 
for basal resistance against S. turtica. Bxs therefore have roles as defence metabolites as well as a 
defence regulatory signal in maize. Recently, a number of new Bx derivatives were identified using 
Ultra Performance LC-MS/MS [21). The authors identified double hexose derivatised metabolites of 
the three Bxs DIBOA, HBOA (2-(2-hydroxy-l,4(2H)-benzoxaiin-3(4H)-on)-~-D-glucopyranoside and 
DIMBOA in whole grain rye and wheat; however not in oat or barley. The location of the hexose 
moieties on the Bx structure, the presence of these compounds in other parts of the plant and the role 
of these double hexose derivatised Bxs in plant resistance to pathogens is yet to be ascertained. 
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Ta ble 1. Diagram ill ustrating the structures of a num ber of plant secondary metabo li tes 
belonging to the major classes of de fence compounds discussed. 
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A recent study used LC-MS/MS to quantify Bxs in 54 Danish wheat varieties discovering the 
concentration of six Bxs to correlate positively with resistance to Fusariwn Head Blight (FHB) [22]. 
FHB is a destructive disease affecting grain yield and cereal quality and is also capable of producing 
mycotoxins that can have significant effects on human health. 
3. Terpenes and Terpenoids 
The terpenes and terpenoids are the largest and most diverse class of secondary_ metabolites with 
over 40.000 compounds described [23]. Terpenes are synthesised from the basic five-carbon isoprene 
unit (C5H8) by the mevalonate or non-mevalonate pathway (Figure 1). The isoprene units are added 
together via condensation reactions to form branched and cyclised isoprene polymers (hemiterpenes, 
monoterpenes, sesquiterpenes, diterpenes, sesterterpenes, triterpenes, tetraterpenes and polyterpenes). 
Terpenoids were originally defined as oxidised terpenes [24], however the term terpenoid is generally 
used to encompass both of these classes and will in this review. Terpenoids have an extensive range of 
important roles in the plant kingdom including functioning as plant hormones, electron carriers, 
vitamins, pigments and membrane components; a number are also involved in plant-pathogen 
interactions [25]. Terpenoids are produced in various cellular organelles often restricted to specific tissues 
where activity is required and they are stored in specialised secretory or glandular structures protecting 
the host plant from potential toxicity of the compounds [25,26]. The presence of a large nwnber of 
terpenoid compounds in rice has been positively correlated with reduced pathogen infection [27]. Two 
diterpenoids produced in rice leaves upon Magnaporthe grisea infection, momilactones A and B have 
received particular attention for their antifungal activity against this fungus, 1he casual agent of the 
devastating rice blast disease [27-29]. Another group of similar diterpenoids named oryzalexin A- D 
were identified as rice phytoalexins also in M. grisea infected leaves [30-33] . Later, orzyalexin S and 
orzyalexin E and F were discovered as additional diterpenoids with potent antifungal activity [34-37]. 
Five cassane diterpenoids phytocassane A-E were found to increase upon M. grisea infection and 
present at higher concentrations in resistant strains in addition to having antifungal activity against 
another pathogenic fungus Rhizoctonia solani [38]. 
A recent study collected volatile organic compounds (VOCs) released by oat, barley and wheat in 
response to infection by three Fusarium species including two species that cause cortical rot disease of 
wheat. Piesik et al., measured the VOCs using GC-MS identifying two terpenes linalool (Figure 1) and 
P-caryophyllene to be present at higher concentrations in infected tissue than controls [39]. The same 
authors carried out a similar study in maize identifying three additional terpenes induced upon 
infection, P-pinene, P-myrcene and Z-ocimene [40]. A substantial amount of research into linalool 
synthesis and natural production has been undertaken due to its aroma and flavour in flower and 
vegetables for the application of perfume manufacture to metabolic engineering in tomatoes [41,42]. 
However, little is known regarding its involvement in plant pathogen interactions and the mechanism 
is asswned to be similar to other terpenoids for which evidence suggests interference and disruption of 
membranes [ 43-46]. Piesik et al. also demonstrated the ability of infected plants to lead to an increase 
in VOCs in uninfected neighbours. Control of VOC release in plants has significant potential for the 
management of crop pathogens. An early study of volatiles in wheat showed it contained the same 
major terpenoid species as oat and barley [ 4 7]. The utility of recent technological advances analysing 
12 
Metabolites 2011 , l 69 
VOCs using so lid phase microextraction (SPME) and headspace techniques for the anal ys is of 
terpenes and other volatiles has been demonstrated [ 48]. 
Investigation into terpenoids with antifungal activity against two maize pathogens Fusarium 
graminearum and Colletotrichum graminicofa identified geranic acid (Table I), which had a minimal 
inhibitory concentration of 7.8 µglmL and is the most potent anti funga l towards these two pathogens 
discovered [ 49]. In an attempt at metabolic engineering to increase resistance of maize to these 
pathogens, the enzyme geraniol synthase was cloned and overexpressed. Non-targeted LC-MS 
metabolite profiling and volatil e GC-MS headspace analysis identified significant differences in the 
volatile and non-volatile transgenic extracts of all geraniol derivatives. However, this did not translate 
into an increased resi stance to F. graminearum or C. graminicola, the authors suggesting potential lack 
of bioavailability or inappropriate localisation that may be corrected by up or down-regulation of other 
genes involved in the pathway. Despite this, the author 's are of the opin ion that metabolic engineering 
of terpenoid metabolism in maize sti ll has potential as the transgenic plants were of normal phenotype 
unlike previous attempts at terpenoid engineering in tomato, arabidops is and potato (5 0-52]. 
4. Flavonoids (Proanthocyanidins, Anthocyanins, Flavonols, Isolflavonoids) 
Flavonoids are a large class of phytoanticipan and phytoalexin phenolic metabo lites synthesised 
from phenylalanine in the shikimate pathway (Figure 1) and includes the flavonols , fl avones, 
flavan ones, anthocyanidins, proanthocyanidins and chalcones. Flavonoids play an extensive role in 
many plant processes such as signalling; antioxidant activity, feed ing deterrents, antimicrobial activity, 
UV protection, male fertility and flower pigmentation [53-55]. Flavonoids have received a s ignificant 
amount of interest due to their potential uses in the pharmaceutical industry due to their anti-inflammatory 
and anticancer properties [56] , however flavonoids al so play numerous important roles in plant 
resistance, defence, signalling and symbiosis [57]. A number of mechanisms of antimicrobial action have 
been hypothesised for flavonoids including the cross linking of microbial enzymes, inhibition of cellulases 
and other microbial enzymes, chelation of metals necessary for microbial enzyme activ ity and polymerisation 
into crystalline structures which may act as a phys ical barrier during pathogen attack (58]. 
A number of preformed flavonoids (phytoanticipans) belonging to the an thacyan idin class inhibit 
the growth and spore gennination of the fungal and bacterial pathogens of rice M grisea and 
Xanthomonas 01yzae [59]. Flavonoid production can also be induced upon pathogen attack, an 
example of fl avonoid phytoalexins are 3-deoxyanthocyanidin fla vonoids induced in Sorghum by 
C. graminicofa [60]. These secondary metabolites inhibit fu ngal growth in vitro and are induced 
during the initial stages of infectio n only in cells in direct contact with the fungus. The fl avonoid 
sakuranet in (Figure I ) was identified using LC-MS to be induced fo llowing treatment of rice with the 
fungal elicitor chitosan [61 ]. Proanthocyanidins have been demonstrated to play a part in defence 
aga inst Fusarium species through suggested mechanisms such as chelation of metals required for 
enzymatic activ ity, formation of a physical barrier, inhibition of cellulases and cross li nk ing of 
microbial enzymes (58]. A number of recent metabolomics studies employing an orbitrap LC-MS 
instrument have investigated barley resistance to Fusarium head blight identi fy ing 16 flavonoids or 
isofl avonoids that were resistance related (62,63]; these compounds are yet to be tested for direct 
anti fungal activity. LC-MS/MS ana lys is was used to identi fy two new fla vono id phytoa lexins induced 
13 
Metabolites 2011, 1 70 
in response to inoculation of a resistant and susceptible cultivar of sorghum with Colletotrichum 
sublineolum [64]. Luteolin and apigenin were both present at higher concentrations in these cultivars 
suggestive of a phytoalexin role. Fungal germination bioassays indeed found luteolin to strongly 
inhibit fungal growth and spore germination; effects were similar but less dramatic for apigenin. 
A number of flavonoid compounds require compartmentalisation in the cell to avoid mutagenic and 
oxidative effects of the active compounds and intermediates in their synthetic pathways. In maize, 
barley and rye a number of different mechanisms of vacuolar import have been identified including a 
vacuolar ATP-binding cassette (ABC) transporter, multidrug resistance-associated protein like ABC 
transporter and pH-dependent vacuolar flavonoid/H+ anti porters [65-68]. The synthesis of the flavone 
saponarin in mesophyll protoplasts without vacuoles was inhibited indicating that a functioning 
vacuole is critical for production of this flavone [69]. Flavonoids have recently been the subject of 
investigation into metabolic engineering of crop plants for the purposes of disease resistance to health 
benefits for humans [70] . Transgenic wheat and barley were constructed expressing a stilbene synthase 
gene from Vitis vinifera (Common Grape Vine) resulting in the production of the phytoalexin 
resveratrol (Figure 1) [71]. The authors present results detailing increased resistance of wheat and barley 
producing resveratrol to the necrotrophic pathogen Botrytis cinerea. 
5. Cyanogenic Glycosides 
Cyanogenic glycosides are present in over 2,600 plant species and a number of cereals including 
wheat, barley, oats, rye, sorghum, millets, sugar cane, maize and rice [72] . These compounds are 
derived from the amino acids valine, leucine, isoleucine, phenylalanine or tyrosine and the non-protein 
amino acid cyclopentenyl-glycine as path of the shikimate pathway (Figure 1) [73]. To avoid toxic 
release of hydrogen cyanide (HCN) under normal conditions, cyanogenic glycosides are compartmentalised 
within cells separated from the HCN releasing ~-glucosidases. Cyanogenic glycosides are activated by 
~-glucosidase-dependent hydrolysis to form the unstable aglycone upon tissue disruption. This 
cyanohydrin is further enzymatically (hydroxynitrile lyase) or spontaneously ( at alkaline pH) 
converted to a ketone or an aldehyde and the toxic constituent of the compound, HCN [74,75]. 
Cyanide is toxic to cells inhibiting the oxidative function of mitochondria cytochrome oxidase thereby 
reducing the cells ability to use oxygen for aerobic respiration [76, 77]. The cyanogenic glycoside 
dhurrin (Figure 1) found in Sorghum is only located in the epidermal layers of the leaf while the 
~-glucosidases and a-~ydroxynitrile lyase enzymes capable of activation and release of HCN were 
located only in mesophyll tissue [78]. 
There is evidence that the production of cyanogenic glycosides occurs at a significant cost to the 
plant suggesting they must play a role in survival against herbivores or pathogens [79]. Some fungi are 
capable of detoxifying HCN [80] while others are capable of cyanide-resistant respiration [81]. While 
there is indisputable evidence for a role of cyanogenic glycosides as herbivore deterrents [72,82], there 
is little reliable evidence for direct roles against pathogens [17,83]. Very early studies have related the 
Fusarium wilt resistance of flax to HCN release in roots [84]. HCN release occurs in leaves of 
Lotus corniculatus upon pathogen invasion arresting the development of most fungal species [84]. A 
recent study in barley investigated five leucine-derived cyano glycosides however discovered that the 
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~-glucosidase that hydrolyses them is only present in the endosperm of germ inating barley therefore 
concluding that the cyanide potential of barley cannot be harnessed in a fungal attack [73]. 
High performance liquid chromatography (HPLC) and LC-MS/MS for the analysis and 
identification of cyanogenic glycosides has recently been exploited for the sensitive detection of these 
compounds and their derivatives [85-87]. The potential of these techniques should be utili sed to 
confirm the ro le of these compounds in plant defence. 
6. Saponins 
Saponins are a class of glycosylated triterpenes; steroids and steroidal alka loids synthesised from 
the mevalonate or non-mevalonate pathway in plants (Figure I) and are absent in the majority of 
monocotyledon plants and all cereals w ith the exception of oat (Avena) . These phytoanticipans possess 
a broad range of biological activ ities including antimicrobial, insecticidal, allelopathic action and 
molluscidal acitivity [17,88]. Oat contains two types of Saponins-Four triterpenoid avenacins and 
two steroidal avenacosides (Figure 1) present in roots and leaves respectively [89,90]. Avenacins are 
active in their natural glycoslyated fom1 in the plant in contrast to avenacosides, benzoxazanoids and 
many other antifungal compounds which are active only in their aglycone forms [91 ,92]. The inactive 
avenacos ides are stored in the vacuole of the plant and activated when tissue damage caused by 
pathogenic fungi disrupts membranes allowing the plant enzyme ~-glucosidase to hydrolyse the 
D-glucose unit forming the biologically active aglycone [93]. The active form of the avenacosides then 
forms complexes with membrane sterols disrupting the fungi's plasma membrane by pore formation 
resulting in fungal cell death. Avenacins, which are active in their native form, are also stored in the 
vacuole of plants, which are protected from their toxic effects by a different membrane sterol 
composition [17,89,94]. Jn line with this, several fungi are resistant to saponin-producing plants due to 
their natura l membrane composition. The biological activity and biosynthesis of saponins has been 
recently reviewed [95]. 
Saponins have been implicated in the resistance of oat to Gaeumannomyces graminis var. tritici 
referred to as the ' take all ' disease causing severe crop losses in saponin deficient barley and wheat [96]. 
This hypothesised saponin-conferred resistance of oat is supported by the abi lity of G. graminis var. 
avenae to infect oat due to the possession of the saponin-detoxifying enzyme avenacinase [97]. 
Saponins are induced by eli citors of defence responses such as jasmonate derivatives [98] again 
emphasising their role in defence. 
In the past, research on saponins has proved difficult, relying on HPLC methods or non-specific 
stains [88] however recent developments in mass spectrom etry and metabo li te profiling are enabling 
the high throughput screening and identification of a large number of these secondary metabolites. 
These techn iques are now being employed to ascerta in biosynthet ic mechanisms of saponins and 
related compounds in different plant species and have potential to identify new metabolites belonging 
to this class of compounds [99]. GC-MS has been combined with gene expression analysis to identi fy 
a number of genes involved in triterpene synthesis to al so be present in rice. Expression of the 
oxidosqualene cyclase (OSC) enzyme AsbAB I encoding the ~-amyrin synthase in rice showed that 
rice is capable of ~-amyrin synthesis [ 100] hence identifying the potential for metabolic engineering of 
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saponin regulated resistance in other cereals. A method for the quantification of saponins using 
LC-MS/MS has recently been developed [101]. 
7. Conclusion 
This review has covered the major classes of secondary metabolites present in cereals with 
important roles in pathogen defence. The majority of these plant secondary metabolites, whether 
preformed or induced, are compartmentalised within vacuoles or other specialised cellular 
compartments to avoid self-toxicity. A common mechanism of activation is enzymatic hydrolysis 
following vacuole disruption during tissue damage caused by the pathogen. Other compounds 
accumulate in the apoplast such as benzoxazanoids, which act as defence regulatory signals. Volatile 
secondary metabolites are also involved in pathogen defence with a number of volatile terpenoids 
demonstrated to increase in response to pathogen attack. Infected plants are also capable of stimulating 
volatile release from uninfected neighbouring plants, a feature that may be invaluable to increasing 
crop resistance to pathogens. The mechanism of action of the antimicrobial secondary metabolites 
discussed in this review varies from membrane disruption and pore formation (saponins and 
terpenoids) to interference with aerobic respiration (cyanogenic glycosides) and inhibition of microbial 
enzymes, chelation of metals required for microbial enzymes and polymerisation fanning crystalline 
physical defence barriers (flavonoids). Microbes are constantly evolving mechanisms to overcome the 
activity of such compounds as are plants evolving new defence mechanisms. If the potential of 
metabolite engineering is harnessed, cereals may not be limited to only the classes of secondary 
defence compounds discussed in this review. 
The discovery of secondary metabolites with roles in pathogen defence has been catalysed in recent 
years with technical advances in mass spectrometry and high throughput metabolite profiling. Many of 
the metabolites described in this review have been identified via gas chromatography and headspace 
analysis of volatiles coupled to mass spectrometers in addition to liquid chromatography-mass 
spectrometry and occasionally nuclear magnetic resonance spectroscopy. The current bottleneck in 
these techniques is the processing of the large data sets generated and positive identification of all the 
compounds analysed. 
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1.3 Stagonospora nodorum 
1.3.1 Stagonospora nodorum blotch (SNB) disease and wheat 
Stagonospora nodorum is a major pathogen of wheat worldwide and is the causal 
agent of stagonospora nodorum blotch (SNB) or glume blotch (Wiese, 1987). SNB 
is observed as chlorotic and necrotic lesions on leaves and the head (glume) of 
wheat. The Australian wheat industry produces approximately 20 million tonnes 
of wheat a year (ten year average) with current estimates of yield loss to disease at 
913 million dollars annually or 20 % of the total crop value (Murray and Brennan, 
2009). SNB causes the third highest loss to disease at 108 million dollars per year 
in Australia. SNB is of highest concern in Western Australia du e to the climate and 
in particularly high annual rainfall, which contributes to the progression and 
spread of disease. Control of SNB in the past has relied primarily on selective 
breed ing for resistance. However, this is not a trivial pursuit as resistance to SNB is 
quantitative (several genes are involved) and only partial resistance has been 
described (Czembor et al., 2003). More recently control measures have shifted 
toward th e use of fungicides and cultural practices including stubble management 
and cro p rotation programs (Murray and Brennan, 2009). Although fungicides are 
currently relied on for disease control, they are expensive and pathogen resistance 
to fungicides is beco ming increas ingly common (Terry and Joyce, 2004; Ma and 
Michailides, 2005). 
Wheat is one of the eight cereal crops relied on for a quarter of the worlds food 
supp ly; 700 million tonnes of wheat was produced worldwide in 2012 (FAOSTAT, 
2012). Wheat is an important primary source of protein for 60% of the world's 
population. With that population expected to rise from the current 7 billion people 
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to 9 billion by the year 2050, a significant increase in the production of wheat will 
be required to achieve global food security (FAOSTAT, 2012). An important 
constituent of increasing crop production is decreasing yield losses to pathogens 
and continuing to control disease in a changing climate. 
1.3.2 Stagonospora nodorum 
Stagonospora nodorum (teleomorph: Phaeosphaeria nodorum; synonyms 
Leptosphaeria nodorum, Septoria nodorum) is a necrotrophic fungal pathogen of 
wheat with the following classification - Phylum, ascomycota; Class, 
dothideomycete; Order, pleosporales. The propagation of S. nodorum occurs 
through the spread of sexual ascospores found in stubble after crop harvesting 
(Solomon et al., 2006). These ascospores are spread by wind dispersal during the 
winter season. Following the establishment of a new wheat crop, the spores 
germinate on the leaf surface of seedlings and penetrate the leaf directly or enter 
through stomata. After several days, localised chlorosis and necrosis of the leaf 
occurs and asexual pycnidial structures containing pycnidiospores are 
subsequently formed . These pycnidia swell and protrude through the leaf surface . 
An opening or ostiole forms on the surface of the pycnidia and spores are released 
in an exudate called the cirrus. Spores are subsequently released during rain 
events and splashed further up the plant. Multiple cycles of asexual sporulation 
allow the pathogen to match the growth of its host. After 2-4 cycles of asexual 
sporulation the pathogen is able to reach and infect the glume where the most 
significant disease and yield losses are caused. This highlights the importance of 
asexual sporulation in disease caused by S. nodorum and its potential as a target 
for disease control (Oliver et al., 2012). While the sexual phase responsible for 
ascospore production is also important, this phase cannot routinely be re·produced 
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under laboratory conditions. 
1.3 .3 Necrotrophic effectors produced by Stagonospora nodorum 
S. nodorum was once considered an unsophisticated necrotrophic pathogen which 
relied on degradative enzymes and non-specific toxins to cause cell death and 
infect the host (Oliver et al., 2012). Recently however, it has been identified that S. 
nodorum is one of approximately 20 species that produces a number of host-
specific toxins or effectors essential for fungal pathogenicity (Wolpert et al., 2002; 
Friesen et al., 2008). This reveals much more sophisticated mechanisms behind the 
induction of plant cell death than originally thought. As described earlier, these 
effectors function in an inverse gene-for-gene manner in the presence of the 
corresponding host susceptibility genes. Six effector-susceptibility gene 
interactions have currently been described in the S. nodorum-wheat pathosystem, 
each contributing quantitatively to disease. Further activities have been 
discovered and are in the process of being characterised (Tan et al., 2010; Friesen 
et al., 2012). 
1.3.3.1 SnToxA 
SnToxA was the first necrotrophic effector protein to be identified in 5. nodorum. It 
was discovered when a gene conferring sensitivity to 5. nodorum was identified as 
the same Tsnl gene responsible for conferring sensitivity of wheat to th e PtrToxA 
effector from P. tritici-repentis (Tomas et al., 1990; Ciuffetti et al., 1997; Liu et al., 
2006). Genome sequence analysis of S. nod arum revealed a gene with 99. 7% 
sequence similarity to PtrToxA that was termed SnToxA and evidence suggested 
that PtrToxA was the result of a lateral gene transfer from 5. nodorum to P. tritici-
repentis some time prior to 1941 (Friesen et al., 2006). PtrToxA had previously 
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been characterised as a 13.2 kDa protein with no homology to any known proteins 
and therefore likely a unique mode-of-action (Sarma et al., 2005). PtrToxA is 
internalised by an unidentified mechanism into sensitive host mesophyll cells in 
wheat lines harbouring the Tsnl sensitivity gene and causes subsequent light-
dependent necrosis of the leaf (Manning and Ciuffetti, 2005; Manning et al., 2008). 
PtrToxA localises to the chloroplast where it interacts with a thylakoid membrane 
protein termed ToxA-BPl (Manning et al., 2007). Preliminary yeast-2-hybrid 
analysis also found evidence that PtrToxA interacts with plastocyanin, a 
component of the electron transport chain involved in photosynthesis (Tai et al., 
2007) . PtrToxA induces the accumulation of reactive oxygen species (ROS), 
reduction in photosystem I and II components and transcriptional changes 
associated with the induction of defence responses (Adhikari, 2009; Manning et al., 
2009; Pandelova et al., 2009). It has been demonstrated that the product of the 
Tsnl sensitivity gene does not directly interact with ToxA bubs instead likely 
involved in ToxA recognition and internalization (Manning et al., 2004; Sarma et 
al., 2005; Manning et al., 2008; Faris et al., 2010). 
Cloning of Tsnl revealed resistance (R) gene-like features including 
serine/threonine protein kinase (S/TPK) and nucleotide binding site and leucine 
rich repeat (NBS-LRR) domains that are all essential for ToxA sensitivity (Faris et 
al., 2010). This data and microarray array data that demonstrated up regulation of 
plant defence genes indicates that ToxA targets the induction of classical resistance 
responses in the plant and the pathogen exploits the subsequent host cell death. 
Despite this wealth of research, the full mechanism behind ToxA-induced cell 
death in wheat has not been fully elucidated. Further research is necessary to 
understand the ToxA-induced metabolite changes within host cells and determine 
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the fu ll extent of the plant defence repsonse. 
1.3.3.2 SnTox3 
SnTox3 was the second necrotrophic effector cloned from S. nodorum (Liu et al., 
2009) and has been found in 60.1 % of a sample of global field populations of S. 
nodorum demonstrating a wide distribution. A single dominant gene in wheat 
(Snn3) confers susceptib ility to SnTox3 and was mapped to chromosome arm 58S 
but has not yet been cloned (Friesen et a l., 2008). SnTox3 is a 693 bp gene that 
encodes a protein with little homology to known proteins including SnTox.A 
suggesting a un ique mode-of-action . The first 20 amino acids are a predicted signal 
peptide required for secretion of th e effector. The predicted immature protein is 
25.85 kDa and contains six cysteine residues predicted to form disulfide bonds and 
stabilise the protein (Liu et al., 2009). Similar to other S. nodorum effector genes, 
SnTox3 was highly expressed at three days post infection corresponding to the 
onset of les ion development on the leaf. Evidence suggests that the necros is-
inducing activity of SnTox3 is not a light-dependent reaction as for SnToxA. A 
compa rison of the similarities and diffe rences in the mechanism of action of these 
t\,vo effector proteins will therefore be particularly interesting. 
1.4 Summary 
The biotrophic effectors that activate R gene conferred plant immuni ty have been 
extensively researched over recent years. In contrast, the mechanisms governing 
host resistance or susceptibility to necrotrophic pathogens a re not as well 
understood. The identification of several fungal effectors and their corresponding 
susceptibility genes in S. nodorum and other necrotrophs has revealed that these 
pathogens have evolved more sophisticated mechanisms of inducing host ce ll 
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death than originally thought. Recent evidence suggests that these particular 
necrotrophs secrete effectors to induce a classical plant resistance res ponse and 
exploit the subsequent host cell death to establish a successful infecti on. The 
mechanisms by which these effectors interact with th e corresponding 
susceptibility genes in wheat to induce plant defence responses and the extent of 
these respons es is not well und ers tood. The aim of this research is to better 
understand the mechanisms of SnToxA and SnTox3 effector-induced cell death in 
wheat with the view of improving strategies to con trol SNB disease caused by S. 
nodorum. Chapter two, three and four involve a metabolomics approach to observe 
the changes in wheat primary and secondary metabolism following infiltration of 
the purified S. nodorum effector proteins SnToxA and SnTox3. Chapter three 
further investigates the SnToxA-induced plant secondary metabolites for effects on 
the growth and asexual sporulation of S. nodorum. Chapter five attempts to 
understand the implications of the wheat response to SnToxA-and SnTox3 
effectors on S. nodorum during an infection. It describes the used of next 
generation sequencing technologies to analyse S. nodorum gene expression during 
the firs t 48 hours of an infection on wheat cultivars sensitive and insensitive to S. 
nodorum effectors. 
This research has contributed to a better understanding of the mechanism of S. 
nodorum effector proteins in wheat. The findi ngs led to the discovery of novel 
activities that may be used to develop control methods for SNB in wheat. Finally, 
this research has provided insight into the early events that determine 
susceptibility of wheat to S. nodorum. 
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Chapter 2: The primary metabolite 
response of wheat to the 
Stagonospora nodorum effector 
SnToxA 
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Foreword 
Stagonospora nodorum produces several necrotrophic effector proteins essential 
for establishment of disease on wheat. The best-characterized necrotrophic 
effector is PtrToxA, which causes host cell death on wheat lines harbouring the 
Tsnl sensitivity alle le. PtrToxA was initially discovered in Pyrenophora tritici-
repentis however recent evidence suggests this was a lateral gene transfer from S. 
nodorum sometime prior to 1941. PtrToxA shares 99.7% sequence similarity with 
SnToxA in S. nodorum and evidence suggests identical activities in the plant. 
Microarray studies have been performed on susceptible wheat infiltrated with 
purified PtrToxA protein however the mechanism behind the subsequent plant cell 
death is yet to be fully elucidated. 
The metabolite response of wheat to Tax.A has not been described . Many metabolic 
cell processes are controlled at the post-translational level by the substrates and 
products of the reactions themselves. Gene expression and even protein 
abundance studies therefore do not often comprehensively capture the cellular 
state thus emphasizing the importance of undertaking complementary approaches. 
Metabolite profiling of host-pathogen interactions is complicated by the fact that it 
is impossible to distinguish between metabolites of plant or fungal origin. 
Infiltration of the purified SnToxA protein is sufficient to cause host cell death 
allowing profiling of the host metabolite response in the absence of pathogen-
derived metabolites. The current research comprises primary metabolite profiling 
of wheat at various time intervals after SnToxA-infiltration to gain insight into th e 
mechanism of subsequent plant cell death. This research was published in 
combination with data describing the protein response of wheat to SnToxA 
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SUMMARY 
In this study, proteomics and metabolomics were used to study 
the wheat response to exposure to the SnToxA effector protein 
secreted by the fungal pathogen Stagonospora nodorum during 
infection. Ninety-one different acidic and basic proteins and 
101 metabolites were differentially abundant when comparing 
SnToxA- and control-treated wheat leaves during a 72-h time 
course. Proteins involved in photosynthesis were observed to 
increase marginally initially after exposure, before decreasing 
rapidly and significantly. Proteins and metabolites associated with 
the detoxification of reactive oxygen species in the chloroplast 
were also differentially abundant during SnToxA exposure, imply-
ing that the disruption of photosynthesis causes the rapid 
accumulation of chloroplastic reactive oxygen species. Metabolite 
profiling revealed major metabolic perturbations in central carbon 
metabolism, evidenced by significant increases in tricarboxylic 
acid (TCA) cycle intermediates, suggestive of an attempt by the 
plant to generate ATP and reducing equivalents in response to the 
collapse of photosynthesis caused by SnToxA. This was supported 
by the observation that the TCA cycle enzyme ma late dehydroge-
nase was up-regulated in response to SnToxA. The infiltration of 
SnToxA also resulted in a significant increase in abundance of 
many pathogenicity-related proteins, even in the absence of the 
pathogen or other pathogen-associated molecular patterns. This 
approach highlights the complementary nature of proteomics and 
metabolomics in studying effector-host interactions, and provides 
further support for the hypothesis that necrotrophic pathogens, 
such as 5. nodorum, appear to exploit existing host cell death 
mechanisms to promote pathogen growth and cause disease. 
INTROOUCTION 
Our understanding of fungal plant diseases has long been domi-
nated by the concept of gene-for-gene interactions, first proposed 
~correspondence: Email: pe1e1.solomon@anu.edu.au 
tlhese authors contributed equally 10 this study. 
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by Flor in 1942 (Flor, 1942, 1956). This model has been well 
established for biotrophic pathogens, but, until recently, there 
has been little evidence that it holds true for the necrotrophic 
pathogens that feed off dying or dead tissue. The necrotrophs 
have long been viewed as simplistic pathogens that rely on a 
battery of lytic and degradative enzymes to obtain the required 
nutrients. Recent studies have overturned this simplistic model 
and have shown that many necrotrophs interact with the host 
in an elegantly specific gene-for-gene manner, albeit inversely 
(Friesen et al., 2008; Oliver and Solomon, 201 O; Strelkov and 
Lamari, 2003). In such a system, the pathogen secretes small 
proteins, termed effectors, which are typically translocated into 
host cells. These effectors then appear to interact with a dom inant 
susceptibility locus in a gene-for-gene manner, resulting in cell 
death. Rather than restricting cell growth as in a biotroph ic inter-
action, cell death resu lts in a rich nutrient source which promotes 
necrotrophic infection. The details of this interaction remain poorly 
understood, although it has been suggested that necrotrophs may 
exploit existing host death mechanisms that are usually associ-
ated with a resistant hypersensitive response (HR) (Hammond-
Kosack and Rudd, 2008). This is known as effector-triggered 
susceptibility (ETS) based on the apparent manipulation by necro-
trophs of the effector-triggered immunity defence mechanism. 
The first proteinaceous necrotrophic effector identified was Ptr 
ToxA from Pyrenophora tritici-repentis, the causal agent of yellow 
(or tan) spot in wheat (Triticum aestivum) (Ballance et al., 1989; 
Tomas et al., 1990). The virulence of the fungus on wheat geno-
types carrying the dominant susceptibility gene Tsn1 is dependent 
on the production of the Ptr ToxA effector. Sensitivity to the puri-
fied effector protein co-locates to the same genetic locus as sus-
ceptibility to the disease (Faris et al., 1996; Tomas et al., 1990). 
Tsn1 has now been cloned and possesses many of the features 
typically associa ted with resistance (R) genes, including serine/ 
threonine protein kinase (S/TPK), nucleotide-binding site (N BS) 
and leucine-rich repeat (LRR) domains, all of which are required 
for Ptr ToxA sensitivity (Faris et al., 201 O) . Genome sequence 
analysis of the related wheat pathogen Stagonospora nodorum 
reveals that it harbours a homologue of Ptr ToxA, named SnToxA 
(Friesen et al., 2006). SnToxA is 99.7% identical to Ptr ToxA , which 
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is hypothesized to have been recently acquired by P. tritici-
repentis through a lateral gene transfer event (Friesen et al., 
2006). Like Ptr ToxA, SnToxA only initiates leaf chlorosis and sub-
sequent necrosis in the presence of Tsn1 (Friesen et al., 2006). 
Ciuffetti and co-workers (Mann ing and Ciuffetti, 2005; Manning 
et al., 2008) have provided evidence that PtrToxA, like many other 
fungal effectors (Kale et al., 2010), is likely to be translocated into 
host cells during growth of the pathogen in planta. It is unclear 
how Ptr ToxA is internalized, but the requirement for the solvent-
exposed RGD domain has been demonstrated, as has the presence 
of Tsn1 (Manning et al., 2008; Sarma et al., 2005). Protein binding 
studies have also shown that Ptr ToxA and Tsnl do not interact 
directly, suggesting that Tsn1 is not a high-affinity receptor for 
ToxA (Faris et al., 2010). Once internalized, Ptr ToxA is targeted to 
the chloroplast, where it has been shown to bind to plastocyanin 
and ToxA binding protein 1 (ToxAB P1 ). The function of ToxAB P1 is 
unknown, but silencing in sensitive wheat lines results in reduced 
Ptr ToxA sensitivity (M anning et al., 201 O; Tai et al., 2007). The 
localization of Ptr ToxA to the chloroplast is then followed by an 
accumulation of reactive oxygen species (ROS) in the presence of 
light and, ultimately, cell death (Manning and Ciuffetti, 2005; 
Manning et al., 2009). 
These studies have provided significant insight into the mecha-
nism and mode of action of Ptr ToxA. Two recent reports have 
sought to understand the host response to Ptr ToxA exposure 
using microarrays (Adhikari et al., 2009; Pandelova et al., 2009). 
Numerous cellular processes were highlighted as being up- and 
down-regulated in response to Ptr ToxA exposure, including pho-
tosynthesis, defence responses and pathways involved in the gen-
eration of ROS. Although the sequence similarity between Ptr ToxA 
and SnToxA is clear, there have been no mechanistic studies to 
date examining the mode of action of SnToxA, or the response of 
the host to SnToxA exposure. In this study, we have examined the 
host proteome and metabolome in response to SnToxA exposure. 
A proteomics approach was chosen because it has been well 
documented that the correlation between mRNA and protein 
levels is such that protein levels cannot always be predicted from 
quantitative mRNA data (Gygi et al., 1999). Metabolomics is a 
complementary technique to proteomics, but does, in itself, offer 
distinct advantages, namely that it is the metabolome rather than 
either the transcriptome or proteome that more directly influences 
the phenotype (Kell et al., 2005). The goals of th is study were 
two-fold . First, we sought to determine the response at the level 
of the proteome and metabolome of a susceptible wheat variety 
to exposure to Sn ToxA. Second, we used the data generated to 
compare the modes of action of SnToxA and Ptr ToxA. The appli-
cation of these complementary functional genomics techniques 
has identified that SnToxA and Ptr ToxA have comparable modes 
of act ion. This study also identified novel aspects of the response 
of wheat to SnToxA exposure and shed new light onto this necro-
trophic gene-for-gene interaction. 
RESULTS 
SnToxA infiltration causes chlorosis of susceptible 
wheat leaves 
Leaves from the 5. nodorum-susceptible wheat genotype BG261 
were infiltrated with either an SnToxA solution to initiate a reac-
tion or water as a control , and sampled at 0.5, 4, 12, 24, 48 and 
72 h post-infiltration (hpi). The infiltrated areas of control leaves 
remained undamaged over time (Fig. 1 A). Symptoms became 
visible at 24 hpi in the SnToxA-infiltrated leaves and chlorosis 
developed gradually afterwards (Fig. 18). Using the quantitative 
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Fig. 1 Toxicity assay over 0-72 h post-infiltration (hpi) followmg wheat leaf 
infiltration with mock (H 10) solution (n = 5) (A) and 1.22 µg/ml ToxA 
solution {n = 10) (B). (C) Chlorotic area within the infiltrated region (marked 
with horizontal black lines) was quantified using Scion 1mage software and 
convened into a percentage. Significance levels (···p < 0.001) were 
obtained using independent one-way analyses of variance {ANOVAs) for each 
time point. 
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method devised by Wijekoon et al. (2008), the chlorotic surface 
area was measured (Fig. 1 C). Damage caused by infiltration per se 
was assessed in water-infiltrated leaves. Symptoms of minor 
physical damage were apparent at 12 hpi and were stable over 
time, affecting approximately 10% of the infiltrated area. Consist-
ent with this damage, SnToxA treatment also affected 10% of the 
infiltrated area at 12 hpi. The percentage of chlorosis increased 
steadily in SnToxA-infiltrated leaves, and reached approximately 
20% at 24 hpi, 30% at 48 hpi and 50% at 72 hpi. Complete 
necrosis of the infiltrated region was apparent by 7 days post-
infiltration (data not shown). 
A proteomics approach to resolve the wheat response 
to ToxA exposure 
A gel-based proteomics strategy was adopted in this study using 
two-dimensional electrophoresis to separate wheat leaf acidic and 
basic soluble proteins, in combination with tandem mass spec-
trometry (MS/MS) for identification. Overall, two-dimensional pat-
terns were of acceptable quality, with few streaks, especially for 
basic proteins, and well-resolved spots covering the whole gel 
(Fig. 2). Along the acidic gradient, the 55-kDa horizontal streak 
and the two most prominent 15-kDa spots represent ribulose 
bisphosphate carboxylase/oxygenase (RuBisCO) large and small 
subunits (RBCL and RBCS; spots A229, A290, A839-842, B066, 
B084, B216), respectively. RuBisCO has been shown previously to 
represent more than 50% of the soluble proteins in wheat photo-
synthetic tissue (Parry et al., 2011 ). In our study, although the large 
subunit of RuBisCO is too prominent to be resolved along a range 
of pH 4-7, it does not affect the rest of the two-dimensional 
pattern. Table 51 (see Supporting Information) lists the experimen-
tal featu res and reports the number of protein spots separated 
along acidic and basic ranges. Although the protein content 
loaded onto basic immobilized pH gradient (IPG) strips was 
five times higher than that on acidic strips, it only yielded half 
the number of spots (1070 acidic spots versus 530 basic spots). 
However, the incorporation of basic proteins in this study 
increased protein coverage by 50%. 
Approximately one-half of-the detected spots were deemed to be 
reproducible when present in two of three biological replicates (520 
acidic spots and 218 basic spots), and their expression profiling was 
explored using analyses of variance (ANOVAs). Two-way ANOVAs 
showed that 213 (41%) acidic spots and 167 (77%) basic spots 
were significantly [P < 0.1, false discovery rate (FDR) correction] 
affected under our experimental conditions, amounting to 380 
(51 %) spots in total (Table S2, see Supporting Information). Of 
these, 260 (68%) spots responded to the time (Tl) factor, 52 (14%) 
spots responded to the treatment (TR) factor and 68 (18%) spots 
responded to the Tl x TR interaction effect. Overall, more basic 
proteins than acidic proteins were significant in our design and, in 
particular, 78 (47%) of the basic proteins responded to TR and/or Tl 
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xTR effects, whereas only42 (20%) of the acidic proteins presented 
the same pattern.All the proteins with TR and/or Tl xTR effects were 
selected for protein identification, and some spots whose abun-
dance varied significantly over time were also included. 
A total of 76 acidic spots and 54 basic spots underwent matrix-
assisted laser desorption ionization time-of-flight tandem mass 
spectrometry (MALDI TOF/TOF MS/MS) analyses (Fig. 2). Of the 
130 MS-analysed spots, 110 (85%) led to successful protein iden-
tifications (including proteins of unknown function). Most of the 
annotations came from cereals (79%), and Triticum species in 
particular (57%) . Complementing MALDI-TOF/TOF MS/MS analy-
ses with nanoflow liquid chromatography electrospray ionization 
tandem mass spectrometry (nLC-ESI-MS/MS) analyses greatly 
improved the success rate of protein identification of both acidic 
and basic spots (92% and 74%, respectively). In some instances, 
two to three proteins were identified within the same spot 
(Table S3, see Supporting Information). The 110 hits obtained led 
to 91 different accessions, 81 of which were unique descriptions 
(Table 1). This highlights the high frequency of isoforms, with up to 
five identified forms (e.g. RuBisCO small subunit) . Many of the 
acidic and basic proteins identified were suggestive that the 
exposure of susceptible wheat leaves to SnToxA caused significant 
changes in photosynthesis, oxidative stress and defence responses 
(Tables 1 and S3). These changes are discussed further in the 
fol lowing discussion. 
Figure 3 displays the expression profiling of MS-analysed pro-
teins in ToxA-infiltrated leaves rela-tive to controls. Greater than 
30% of the identified acidic proteins were significantly more 
abundant at 12 hpi. This trend was reversed at 48 hpi, with 
approximately the same number of proteins less abundant in 
treated leaves compared with the controls. Basic protein abun-
dance was only measured in the 24- and 48-hpi samples, and 
showed that the number of proteins more or less abundant com-
pared with the control increased at the latter time point. 
Many of the identified SnToxA-responsive proteins are 
targeted to the chloroplast 
The TargetP algorithm was used to determine the cel l compart-
ments to which the identified proteins were allocated (Table 53). 
Four proteins were predicted to be mitochondrial, 11 (mostly 
basic) to be secreted, 53 (34%) to be targeted to the chloroplast 
and 51 located elsewhere. The ChloroP algorithm was also used 
and predicted that 44% of the proteins were targeted to the 
chloroplast. Both algorithms operate solely on sequence informa-
tion, searching for chloroplast transit peptide (cTP), mitochondrial 
targeting peptide (mTP) or secretory pathway signal peptide (SP). 
However, other proteins identified in this study, whether enzymes 
or structural proteins, are known to be chloroplastic and were 
missed by these predictions. This was the case for two isoforms 
of the RuBisCO large subunit (spots A229, A290, B127), 
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Fig. 2 Two-dimensional gels along acidic range (pH 4-7) following DIGE labelling (A) and basic range (pH 7-10) (B). Spots excised and analysed by mass 
spectrometry are indicated by an arrow when present or an open circle when missing. 
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Table 1 Identities of differentially expressed proteins in SnToxA-treated wheat. 
MASCOT Coverage 1091 ratio !092 ratio log, ratio 1092 ratio 1092 ratio 
Spot Description Accession score (%) 0.5 h 4h 12h 24h 48 h 
A1 36 Heat shock protein (90 kDa) 043638 385 14 -0.906 0.852 0.953 -0.682 -0.489 
A147 PutariveuncharacterizedproteinSb06g023840 C5YCZ2 664 16 -0. 309 1.351 1.008 - 1.014 -1.376 
A149 Translation elongation factor G C5YCZ2 719 18 0.056 2.053 1.288 -0.708 -1.439 
A1 78 Hea t shockcogna teprotein70 060UX5 361 16 0.347 - 0.319 0.571 0.652 -0.249 
A1 79 Heatshockcognateprotein70 060UX5 370 15 0.527 - 0.337 0.674 1.179 -0.942 
A1 86 Heatshockprotein70 Q5MGA8 259 12 0.098 0.097 1.093 0.415 -0.854 
A1 93 70-kDa heat shock protein C7ENF7 632 14 -0.286 0.161 0.831 0.033 -0.607 
A199 Heat shock protein 70 020320 95 7 -0.020 0.451 0.315 0.969 -1.176 
A212 2,3-Bisphosphoglycerate-mutase A80PLO 163 25 0.188 -0.964 0.566 0.118 0.227 
A229 Ribulose bisphosphate carboxylase/oxygenase {RuBisCO) large chain B6GUT8 94 5 0.103 0.167 --0.915 1.006 1.331 
A251 RuBisCO large subunit-binding protein subunit p 043831 335 15 0.600 0. 266 0.371 0.098 -1.331 
A254 RuBisCO large subunit-binding protein subunit~ 043831 686 21 -0.436 0.213 0.466 -0.344 -0.044 
A259 RuBisCO large subunit-binding protein subunit I} 043831 679 20 0.089 0.466 0.500 0.237 -1.018 
A282 RuSisCO large subunit-binding protein subunit u P08823 1217 29 -0.292 0.405 0.418 0.145 -0.394 
A283 RuBisCO large subunit-binding protein subunit u P08823 1267 31 - 0.347 0.359 0.752 0.316 -0.998 
A284 RuBisCO large subunit-binding protein subunit u P08823 975 29 -0.171 0.470 1.113 0.398 -1.265 
A290 Ribulose bisphosphate carboxylase large chain (fragment) 06VW42 66 4 1.002 0.270 -0.645 - 0.830 0.163 
A351 5-Adenosylmethionine synthase 1 A6XMY9 808 39 0.654 0.449 0.108 0.351 0.594 
A354 5-Adenosylmethionine synthase 3 04L822 768 28 0.215 0.566 0.336 0.443 0.285 
A355 Elongation factor Tu COP699 280 11 -0.520 - 0.024 0.357 0.268 -0.388 
A357 5-Adenosylmerhionine synthase 3 04LB22 193 15 -0.313 0.147 0.998 0.050 1.136 
A35B 1-Deoxy-D-xylu lose 5-phosphate reductoisomerase, putative 04H1G4 129 11 0.374 0.531 0.471 0.118 -0.094 
A358 5-Adenosylmethionine synthase 1 Q70EZ8 153 6 0.374 0.531 0.471 0.118 -0 .094 
A360 RuBisCO activaseA, ch loroplastic Q40073 620 20 0.017 0.051 0.761 -0.370 -0.606 
A3 78 Pl astidglutaminesynthetase C7DPLO 350 19 - 0.275 0.307 0.914 -1.111 -0.106 
A383 Plastidglutaminesynthetase C7DPLO 479 23 -0.431 0.319 0.470 -0 .268 -0.41 8 
A3 84 Phosphoglycerate kinase, chloroplastic P12782 976 26 0.691 0.787 0.171 -1 .239 -1.036 
A388 Plastidglutaminesynthetase C7DPLO 284 16 -0.252 -0.031 0.217 -0.119 0.060 
A389 RuBisCO activaseA, chloroplastic 040073 624 22 1.365 1.390 -0.566 0.858 -1.817 
Al90 RuBisCO activaseA, chloroplastic 040073 590 23 -0.066 0.196 0.471 -0.161 -0.936 
A397 RuBisCO activaseA, chloroplastic 040073 607 22 -0.520 0.100 0.539 -0.149 -0.338 
A415 Sedoheptulose-1,7-bisphosphatase, chloroplastic P46285 219 26 0.242 0.133 0.877 -0.857 -0.520 
A417 Transla1ion elongation factor G A2XG06 277 16 -0.658 -0.508 -0.270 0.365 0.174 
A418 Phosphoribulokinase, chloroplastic P26302 739 34 -0.189 0.483 0.577 -0.511 -0.798 
A425 Phosphoribulokinase, chloroplastic P26302 249 15 -0.403 0.107 0.090 0.310 0.106 
A435 Fructose-bisphosphate aldolase, chloroplastic COKTA6 392 16 0.027 0.089 0.721 -0.244 -0.772 
A436 Fructose-bisphosphate aldolase, chloroplastic COKTA6 535 23 -0.011 0.211 0.710 -0.116 -0.987 
A439 fructose-bisphosphatealdolase,chloroplastic COKTA6 169 11 0.709 0.026 -1.736 -0.988 0.157 
A440 Fructose-bisphosphate aldolase. chloroplastic COKTA6 459 21 -0.226 0.323 0.503 -0.457 -0.544 
A441 Fructose-bisphosphate aldolase, cytosolic 84FR47 283 8 -0.026 0.221 1.030 -0.195 -1.274 
A487 Ribosomal protein L1 C5YXG6 166 8 -0.766 --0.596 0.482 -0.240 0.897 
A5 21 Tyrosine phosphatase, putative DSLXX6 103 19 0.091 0.435 0.383 -0.305 -0.756 
A534 Chloroplast oxygen-evolving enhancer protein 1 A5JV93 396 JO -0.255 0.053 0.573 -0.259 0.034 
A550 ~-1,3-Glucanase Q9XEN5 114 11 1.317 1.172 -0.411 -0.818 1.175 
A563 14·3·3-like protein A P29305 223 24 0.008 0.085 0.321 0.426 -0.520 
A565 14·3·3protein 008G36 344 29 -0.800 0.407 0.844 0.905 -1.249 
A572 28-kDa ribonucleoprotein, chloroplast 023798 421 30 -0.494 0.316 1.002 -0.231 -0.509 
A574 Chloroplast Hpocalin 038J86 96 10 0.053 0.206 1.250 0.410 -1.731 
A579 NAO-dependent epimerase/dehydratase AZXZKl 109 9 -0.661 -0.246 0.745 0.501 -0.526 
A580 Elongation factor 1·1} P29546 79 13 - 0.159 0.671 0.777 -0.612 -0.684 
A581 Elongation factor 1-P P29546 108 11 0.577 0.394 0.403 0.309 -0.894 
A610 29-kDa ribonuc!eoprotein, chloroplast A2YNZ1 96 6 - 0.059 0.3 15 0.629 0.297 -0.330 
A614 Nucleic acid-binding protein, putative C3V134 473 59 -0.240 0.104 0.365 - 0.043 -0.043 
A617 Nucleic acid-binding protein, putative 081988 195 15 -0.339 0.245 0.246 -0.429 1.556 
A639 Triosephosphate isomerase, cytosolic Pl4937 247 17 - 0.889 0.353 0.502 0.575 - 0.887 
A645 Oxygen-evolving enhancer protein 2, chloroplastic 000434 790 47 -0.668 0.037 0.392 0.284 -0.178 
A649 Oxygen-evolving enhancer protein 2, chloroplastk B88JPO 188 11 - 0.041 0.150 0.340 0.217 -0.946 
A649 Chaperonin 21, putative 000434 76 6 - 0.041 0.150 0.340 0.217 -0.946 
A654 2-Cys peroxiredoxin BAS1, chloroplastic A2YW57 180 9 -0.389 0.194 0.930 0.509 -0.750 
A654 Oxygen-evolving enhancer protein 2, chloroplastic P80602 194 25 -0.389 0.194 0.930 0.509 -0.750 
A654 Thylakoid lumenal 19-kDa protein 000434 166 27 -0.3 89 0.194 0.930 0.509 -0.750 
A681 2-Cy~ peroxiredoxin BAS1, chloroplastic P80602 670 44 -0.177 0.454 0.529 -0.040 -0.799 
A682 505 ribosomal protein LlO B4G105 131 8 -0.1 15 -0.306 0.553 -0.089 -0.287 
A684 2-Cys peroxiredoxin BASl, chloroplastic P80602 486 53 -0 .351 0.207 0.302 0.090 -0.343 
A696 Ch lorophyll a-b-binding protein 6A C1K584 156 9 -0.206 0.344 0.687 -0.304 - 1.047 
A779 Nucleoside diphosphate kinase OOIM55 162 17 1.065 -O.D35 -0.470 -0.746 0.975 
A804 SOS ribosomal protein l12-1, chloroplastic 006030 91 14 0.029 0.083 0.154 -0.133 -0.314 
A820 Histone H2B B4FYZO 73 16 0.147 0.257 0.544 --0.157 -0.281 
A839 Ribulosebisphosphatecarboxylasesmallchain Q5NDA6 453 38 -0.103 0.124 0.440 -0.246 -0.782 
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Table 1 Continued. 
MASCOT Coverage log1 ratio \og1 ratio log2 ratio log1 ratio !og1 ratio 
Spot Description Accession score (%) 0.5h 4h 12h 24h 48h 
A839 Thioredoxin M Q9fR14 76 11 -0.103 0.124 0.440 -0.246 -0.782 
A841 Ribulose bisphosphate carboxylase small chain Q9fR14 146 16 -0.171 -0.009 0.440 0.219 0.079 
A842 Ribulose bisphosphate carboxylase small chain Q9FR14 193 22 -0.439 0.073 0.552 -0.077 -0.365 
A846 605 acidic ribosomal protein P2-like protein Q7X729 115 10 0.136 0.073 0.455 0.146 -0.487 
A917 Plastocyanin, chloroplastic P08248 101 20 -0.175 0.138 0.328 -0.244 -0.335 
A929 Plastocyanin, chloroplastic A219RO 63 11 -0.087 -0.139 0.544 -0.105 -0.799 
A929 Thylakoid membrane phosphoprotein 14 kDa, chloroplast Q00f(9 82 20 -0.087 -0.139 0.544 -0.105 -0.799 
8003 Peptidyl-prolyl cis-trans-isomerase (cyclophilin) Q6XP14 310 JS 0.074 -0.158 
8006 Geranylgeranyl hydrogenase COLIRJ 467 26 - 0.204 -0.586 
8006 UDP-sulphoquinovose synthase D5GWl4 220 49 -0.204 -0.586 
8006 Sulpholipidbiosynthesisprotein Q45FE7 208 12 -0.204 -0.586 
8008 Mg-protoporphyrin IX methyltransferase Q5N K11 98 6 -0.155 -0.518 
8012 Adenylatekinase 1, putative A9PB19 164 13 D.292 -0.039 
8020 Mitochondrial outer membrane porin P46274 287 21 0.429 -0.363 
8023 Thaumatin-likeprotein Q8S4P7 99 14 1.858 16.985 
8024 Chitinasel Q8W429 175 21 2.101 17.392 
8025 Transducin family protein D7lEK9 SD 1 0.000 16.975 
8034 Ubiquitin carrier protein COPPR9 80 25 -0.007 0.777 
8038 PR-4 (fragment) Q9SQGJ 82 10 0.000 16.656 
8043 Ubiquitin monomer protein (fragment) Q2VJ43 163 25 0.027 0.307 
8D46 Phenylalanineammonia-Jyase D5KS97 224 6 -0.035 1.410 
8048 Catalytidcoenzyme·binding protein D7M797 84 9 0.0D6 -0.148 
8055 Peroxisomal ascorbate pero)(idase A5JPR2 151 12 -0.013 -0.1 81 
BOSS Transcription factorAPFI Q8GRK1 171 18 
-0.013 -0.181 
8066 Carbonic anhydrase D4N8D8 254 32 -0.220 -0.381 
BD66 Ribulose bisphosphate carboxylase small chain Q9fRZ4 69 14 -0.220 -0.381 
8084 Ribulose bisphosphate carboxylase small chain Q9FR14 201 12 -0.504 -0.411 
8093 Peptidyl-prolyl cis-rrans-isomerase (cyclophilin) Q6XP14 130 11 0.002 -0 .237 
8098 Photosystem II polypeptide 10 kDa (fragment) Q6XW17 135 29 0.200 0.536 
8109 S, 10-Methylene-tetrahydrofolate dehydrogenase/5, 10- A6XMY4 213 17 0.036 -0.534 
methenyl-tetrahydrololate cyclohydrolase 
811 2 RNA-binding protein, putative Q95A52 117 4 0.201 -0.535 
8116 Chitinase A5ATOO 89 ) D.000 17.110 
8119 31.7-kDa class I endochitinase-antifreeze protein Q9AXR9 108 11 -0.198 1.914 
8121 Hydrol()'Pyruvate reductase Q9JXV7 106 9 D.286 -0.648 
8122 Carbonic anhydrase D4 N8D8 179 25 -0.280 -1.536 
8123 Plastidialoutermembraneproteinporin A2WRY9 99 8 -0.062 -0.480 
8127 Ribulose bisphosphate carboxylase large chain (fragment) Q6QE22 46 4 
-0.585 -D.376 
8146 Mitochondrial outer membrane porin P46274 107 12 -0.076 -0.486 
B151 Malatedehydrogenase (4)673 117 8 -0.162 0.489 
8153 DNA-binding protein p24 A1YKH2 78 6 -0.225 -1.134 
8160 Brain protein 44-like Q61595 53 14 0.808 0.145 
8161 Gtutathione peroxidase chr01_pseudomolecule_lMGAG_V3 Medtr1g017 55 8 0.670 0.000 
8161 Plastid ribosomal protein Lll Q8H8H8 80 10 
8162 Acid phosphatase, putative Q9M4D6 87 ) 0.04) -0.169 
8163 Thaumatin-likeprotein Q854P7 69 10 0.000 17 JD7 
8166 Glutama1e receptor 3 planr, putative 895DW1 57 2 14.689 15.459 
8176 Pathogenesis·related protein 1 CJU1E2 200 28 0.000 16.427 
8194 Peroxisomal (5)-2-hydroxy-acid oxidase (glycolace oxidase} P05414 150 8 0.179 0.278 
82D5 Glucan endo-1,3-j3·o-glucosidase 082716 111 15 15.594 2.311 
8106 13-1,3·Glucanase Q4JH28 91 18 15.791 17.670 
8209 Mitochondrialoutermembraneporin P46274 207 20 -0.062 -0.601 
8216 Ribulosebisphosphatecarboxylaselargechain QJZEK8 52 J 0.242 -1.044 
The following spolS, A714, A805, A806, A868, A888, A908, 8002, 8009, 8011, 8039. 8041, B 102, 8114. 8124, 8152, 8157. 8193. 8204, 8207 and 8210, revealed no 
matches. Statistical data are shown in Table S2. Further information (number of peptides, species, expected pl/MW, SignalP and ChloroP results, etc.) are given in Table S3. 
R8CL-binding protein subunits a and p isoforms (spots A251, 
A254, A259, A282-284), a 2-cysteine peroxiredoxin (spotA654), a 
psbR 10-kDa subunit of photosystem II (PSII, spot 8098) and an 
RNA-binding protein (spot 8112). This can only be explained as 
follows: (i) these proteins are encoded by chloroplastic genes, 
which consequently do not possess a cTP; or (ii) the hit sequence 
is incomplete. In our study, the total number of chloroplastic 
proteins reached 75 (53%), and most were acidic (57, 77%). 
Metabolite profiling of wheat in response to 
SnToxA exposure 
In addition to proteomics, we also performed an untargeted 
metabolomics approach in an attempt to understand the wheat 
response 10 SnToxA exposure. Gas chromatography-mass spec-
trometry (GC-MS) analysis was used to identify changes in polar 
primary metabolites in SnToxA-treated wheat leaf samples 
© 2011 THE AUTHORS 
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Fig. 3 Protein abundance in ToxA-infiltrated leaves relative to the controls 
over time. Up- and down-regulated (fold change > 1.5, irrespective of P 
va lues) proteins were numbered and converted into a percentage; 
down-regulated proteins were converted to negative values using a ~ 1 factor. 
Note that basic proteins were only analysed for the 24- and 48-h time points 
hpi, hours post-infiltration. 
throughout the 4-72-h time course after SnToxA infiltration. Prin-
cipal component analysis (PCA) was used to discover trends within 
the split 20: 1 dataset and to provide a means to observe the 
quality of the data. The six replicates belonging to each treatment 
and time point sampled clustered together, indicating the robust-
ness and reproducibility of the experi mental design. The first two 
principal components (PCs) explained 65% of the variance in the 
dataset (Fig . 4). PCl accounted for 53% of the variance, which can 
largely be explained by the effect of time on metabolite changes, 
whereas the 12% of variance explained by PC2 clearly separates 
SnToxA-infiltrated wheat and control at 48 and 72 hpi. The 
samples can be divided into four clusters. The first contains the 4-
and 12-h samples for both control and treated wheat. The second 
consists of all the 24-h samples. At 48 h, the variance as a result of 
metabolite changes between control and SnToxA-treated wheat 
becomes apparent. The third cluster contains the control 48- and 
72-h samples, whereas the entire lower section of PCA is domi-
nated by the fourth cluster grouping the SnToxA 48- and 72 -h 
samples. The loadings plot (Fig. 48) for this PCA illustrates the 
contribution of each metabo lite to the variance between clusters. 
The metabolites with the highest contribution to PCl are aspar-
agine and four unknown compounds, and to PC2 are asparagine, 
quinic acid, malate and two unknown com pounds. 
ANOVA was performed to assess the statistical significance of 
the contribution of each metabolite to the variation between 
© 2011 THE AUTHORS 
SnToxA mode of action 
SnToxA and control wheat. The abundances of 92 metabolites 
detected using GC-MS were altered significantly (P < 0.05) by 
SnToxA. Of these, 32 were identified by a match to in-house 
databases and five were putatively identified with a match of 
above 80% to the NIST08 library or the Golm Metabolome Data-
base (Table 2). The remaining 55 metabolites have not yet been 
identified (data not shown). A significant portion of these uniden-
tified metabolites have fragmentation patterns indicative of 
suga rs, which, by nature, are structural ly very similar, and there-
fore in-house standards are required to provide accurate retention 
times for identification. Of the total 92 metabolites which 
responded significantly to Sn ToxA, approximately 60% displayed 
an increase in abundance at one or more time points, whereas 
the remainder decreased overall. An increase in metabol ite 
abundance, particularly from 24 h, was the most noticeable trend 
observed in response to SnToxA, with 45%- 60% of significant 
metabolites belonging to the three major groups of compounds 
(organ ic ac ids, sugar/sugar alcohols and unknowns) consistent 
with this pattern. 
In addition to ANOVA, Student's t-test was performed on the 92 
significantly different metabolites to identify those that were 
altered significantly by SnToxA at each individual time point (P < 
0.05). On ly the 37 identified using the databases mentioned pre-
viously are discussed here. At 4 hpi, 14 metabolites responded 
significantly to SnToxA treatment. Fructofuranoside was detected 
in SnToxA-treated leaves, but absent in the control, fructose 
was 1.8-fold lower in treated leaves and 2-0-glycerol-a-D-
galactopyranoside was 1 .9-fold higher. Another 10 unknown com-
pounds had also responded to SnToxA treatment by this time 
point. Cluster 1 of PCA also included the 12-h samples, at which 
point 17 metabolites were altered significantly by SnToxA. Ribonic 
acid, xylitol, arabinitol, sedoheptulose and sucrose were all 1.2-
1.6-fold lower in SnToxA-treated wheat. Glucuronic acid was 
detected in small amounts in the control, but absent in treated 
wheat, and glucose-6-phosphate and aspartic acid were detected 
in SnToxA-treated wheat, but were below the limits of detection in 
the control. 
Cluster 2 of PCA grouped the 24-h control and SnToxA-treated 
samples. The 11 metabolites that were altered significantly in 
response to Sn ToxA at this point included a-ketoglutaric acid and 
glycerol, which were detected in the control, but absent in Sn ToxA-
treated wheat. Glucuronic acid and glucaric acid, however, were 
present in SnToxA-treated wheat, but absent in the control. 
At 48 and 72 hpi, the differences between SnToxA-treated 
wheat and the control became most prominent as they diverged 
into different clusters in PCA. This was reflected by the increase in 
the number of metabolites changing in response to SnToxA treat-
ment. The abundance of 45 metabolites was altered significant ly 
by SnToxA at 48 h, and that of 51 metabolites at 72 hpi. The 
compound 2-0-glycerol-a -D-ga lactopyranoside was a consider-
able 21-fold higher in abundance in SnToxA-treated wheat. 
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Fig. 4 (A) Score plots of principal component 
analysis (PCA) of gas chromatography-mass 
spectrometry (GC -MS) metabo lite data for both 
control and SnToxA-infiltrated whea t leaves at 
five time poinis from 4 to 72 h post-infiltration 
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the time points 4, 12, 24, 48 and 72 hpi, respec-
tively. SnToxA-treated samples are black and 
water-infiltrated control samples are grey. The 
numbers in parentheses indicate the variance in 
the datasets explained by the first two principal 
components (PCs). (Bl Loadings plot illustrating 
the me1abolites contributing to the variance 
observed in the PCA. 
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Threonic acid, fructose, y-aminobutyric acid (GABA), malate, quinic 
acid and xyl ulose were amongst the known metabolites which 
also increased by more than two-fold in response to SnToxA at 
48 h. At 72 h, 2-0-glycerol-a-o-ga lactopyranoside was still 13-fold 
higher in treated wheat. Quinic acid, fructofuranoside, threonic 
acid, malate, phosphoric acid, ga lactonic acid, glucuronic acid, 
fructose, erythronic acid and glyceric acid were also severa l fold 
higher in response to SnToxA. Those metabolites present at sig-
nificantly lower abundances at 72 hpi in response to SnToxA 
included maltose, a -ketoglutarate, dehydroascorbic acid, asparag-
ine and myo-inositol. 
An absence of certain metabolites involved in the reactions of 
photosynthesis was noticeable in the GC-MS data. A number of 
low-molecular-weight metabolites, such as pyruvate and glyoxy-
late, are difficult to detect using standard GC parameters, and the 
majority of sugars were not detected in their phosphorylated forms 
because of instability in the conditions involved in this analysis. 
These facts highlight the benefits and complementary nature of 
undertaking both proteomics and metabolomics approaches. 
DISCUSSION 
SnToxA triggers the collapse of photosynthesis and 
causes an oxidative burst 
The proteomics approach detected mult iple proteins associated 
with PSI and PSII, as wel l as the Calvin cycle and other aspects of 
photosynthesis and photorespiration. The abundance of the major-
ity of these proteins was observed to increase at 12 hpi with 
SnToxA, after which, they decreased significantly and continua ll y 
in abundance throughout the remainder of the time course. It has 
been well established in previous studies that Ptr ToxA is ta rgeted 
to the chloroplast and induces photosystem changes (Manning 
et al., 2007; Pandelova et al., 2009). These data suggest that 
C 2011 THE AUTHORS 
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c - Table 2 Putatively identified metabo lites different ially abundant in SnToxA-treated wheat. ~ ~ 
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~» H,O ToxA 
~ c 
J> ~ 
ZI 
~o Metabolite and ID 4 h 12h 24h 48 h 72h 4h 12h 24h 48h 72 h ~~ 
~~ ·--·----· Amino acids 
0 L- lsoleucine_16.4189_1295_158_5 B 2.75 ± 1.38 1.06 ,c 0.61 2.15 ± 0.85 2.62 0.9 2.06 0.73 0.95 ,c 0.43 0.71 0.31 ND 6.55 2.39 6.21 2.85 
~ L-Glycine_ 16.7004_ 1307 _ l 74_$ A 11.07 ± 6.01 12.72 :t 7.56 ND 64.82 22.86 66.2 25.46 ND 6.64 3.41 11.75 ± 6.49 22.08 10.96 21.66 8.15 
@ Aspartic acid_21.7 17 1_1522_232 8 9.44 ± 2.62 11.53 :t 4.11 26.24 ± 5.6 32.07 11.75 51.8 10.82 19.28 ,c 309 6.42 3 22.53 ± 4.97 22.63 6.63 22.12 4.98 
~ Asparagine_24.8197 _ 1692_ 116 
C 11.22 ± 2.82 11.04 ± 7.46 64.67 ± 11.38 119.7 40.45 150.3 39.78 20.31 ,c 5.27 2.5 2.47 43.43 ± 10.59 28.84 11.71 32.32 15.15 
Organic acids 
Glyceric acid_17.3134_1338_189 8 4.23 ± 0.85 1.93 ± 0.26 3. 17 ± 0.23 2.76 ,c 0.88 3.26 ± 1.05 4.31 :!: 1.22 1.8 :!: 0.3 2.07 ± 0.74 3.54 ± 1.2 1 7.66 ± 0.57 
Malic acid_2 l .04 15_ 1489_233 C 45.6 ± 3.66 32.85 ± 6.1 25.11 ± 3.2 19.49 ± 4.67 23.09 ,c 1.67 52.03 ± 8.29 37.87 ± 4.17 29.35 ± 7.16 68.63 ± 7.1 101.1 ,c 11 .95 
~ Pyroglutamic acid_21.7484_1524_156 B 43.42 ± 9.24 37.48 ± 10.58 105.9 ± 11.76 173.1 ± 32.22 145.9 ± 18.99 41.56 ± 5.26 16.5 ± 1.92 80.44 ± 14.96 91.84 ± 14.01 104.3 ± 15.9 1 
::; GABA_21.9 11 _1525_174_5 B 3.09 ± 1.08 1.16 ± 0.16 2.94 ± 0.88 3.38 ± 0.54 5.82 ± 1.12 2.08 ± 0.26 1.29 ± 0.3 2.15 ± 0.55 15.12 ± 2.94 9.6 ~ 2.43 
0 N-Acetylg lutamic aid_22.0486_ 1540_84 B 3.44 ± 2.12 ND 15.9 ,c 2.93 20.23 ± 6.66 36.03 ± 7.04 7.21 ± 1.08 ND 13.41 ± 2.23 17 .53 ± 4.07 15 .88 ± 6.05 
00 Erythronic acid _22. 16 12_1547_292 C 0.18 ± 0.04 0.22 ± 0.05 0.17 ± 0.05 0.31 ± 0.02 0.44 ::t 0.04 0.24 ± 0.01 0.18 ± 0.04 0.22 ± 0.05 0.6 ± 0.07 1.06 ± 0.05 ~ Threon ic acid_22.5428_1568_292 C 3.27 ± 0.21 2.73 ± 0.22 0.98 ::t 0.1 0.85 ± 0.08 1.53 ± 0.22 2.48 ± 0.2 2.48 ± 0.2 1.09 ± 0.11 5.64 ± 0.76 11.09 ± 1.08 
,1 2-Ketoglutaric acid_22.9744_1591 _198 B 0.29 ± 0.12 ND 0.47 ± 0.1 0.49 ± 0.11 0.71 ± 0.07 0.31 ± 0.07 ND ND 0.51 ± 0.12 0.25 ± 0.11 
Ribonic acid_26.3147 _ l 774_333 C 0.32 ± 0.03 0.37 ± 0.02 0.39 ± O.D2 0.55 ::t 0.04 0.59 ± 0.04 0.29 ± 0.02 0.31 ± 0.01 0.4 ± 0.02 0.65 ± 0.04 0.93 ± 0.04 
r Glyceric acid-3-phosphale_27 .403 2_ 1834_299 8 2.01 ± 0.32 ND 2.27 ± 0.32 3.43 ± 0.99 3.46 ± 1.16 1.96 ± 0.47 0.25 ± 0.12 3. 1 ± 0.68 1.75 ± 0.41 0.89 ± 0.3 
~ 
C Citric acid_27 .609G_1845_273 C 14.68 ± 1.89 22.53 ± 2.37 24.45 ± 3.52 35.18 ,c 3.7 38.26 ± 2.37 17 .2 ± 1.47 16.27 ± 1.03 27.4 ± 2.64 49.34 ± 4.13 70.48 ± 7.67 
00 Dehydroascorbic acid_28.1038_1872_173 B 1.6 ± 0.77 1.84 ::!:: 0.46 1.56 ::!:: 0.17 2.13 ::!:: 0.24 1.76 ± 0.14 0.81 ± 0.11 1.45 ± 0.66 1.17 ± 0.1 1.4 ± 0.18 0.7 ± 0.04 ~ Quinic acid_28.2664_ 1881 _345 C 91.78 ± 6 144.0 ± 13.86 36.44 ± 2.89 32.09 ± 4.1 30.37 ± 2.54 97.74 ± 5.72 140.0 ± 11.94 40.31 ± 5.58 102.0 ± 15.83 258.8 ± 17.67 
.i:,. 2 Ascorbic acid_29.874_ 1970_332 B 6.54 ± 1.94 8.83 ,c 1 22 18.06 ,c 2.04 17.82 ::!:: 1.97 21.18 ::t 4.71 9.18 :t 1.44 7.65 ± 1.47 17.63 ± 1.36 13.05 ± 2.26 11.03 ± 2.54 0 Q Glucaric ac id_30.8498_2023_333 C 0.61 ± O.o? 0.64 ,c 0.06 ND 0.14 ::!:: 0.07 ND 0.69 ± 0.05 0.77 ± 0.06 0.46 ± 0.17 0.45 ± 0.15 0.22 ± 0.11 ~ Ga lactonic acid_30.9249_2027 _292 C 0.12 ± 0.02 0.1 ± 0.01 0.06 ± 0.02 0.09 ± 0 0.05 ± 0.02 0.11 ± 0.01 0.08 ± 0.02 0.06 ± 0.02 0.14 ± 0.01 0.2 ± 0.03 
" 
Glucuron ic acid_43.7858_2929_217 C 0.05 ± 0.02 0.06 ± 0.02 ND 0.1 ,c 0.03 0.2 ,c 0.02 0.12 ± 0.01 ND 0.09 ± 0.03 0.23 ± 0.05 0.72 ± 0.11 
~ Sugars/sugar alcohols 
r, 
Erythritol_21.4106_1505_217 · B 0.18 ± 0.04 0.28 ,c 0.02 0.27 ± 0.01 0.34 ± 0.03 0.47 ± 0.05 0.19 ± 0.03 0.19 :± 0.02 0.19 ± 0.04 0.37 ± 0.02 0.66 ± 0.06 
" 
Xylose_24.6133_1681_ 103 8 0.78 ± 0.08 0.93 ± 0.09 0.45 ± 0. 1 0.4 ± 0.1 0.58 ± 0.07 0.62 ± 0.05 0.78 ± 0.06 0.35 ± 0. 12 0.25 :± 0.11 0.23 ,c 0.14 
~ Xylulose_24 .9073_1697_205 B 1.79 :t 0.21 1.72 ± 0. 18 1.22 :± 0.2 0.77 ,c 0.2 1.1 ± 0.17 1.66 :t 0.26 1.85 ± 0.23 1.11 ± 0.27 1.65 ± 0.21 2.13 ± 0.27 
" 
Rfbose_24 .9198_1691 _103_S 8 2.9 ± 0.4 2.67 ± 0.44 2.22 ± 0.55 0.76 ± 0.42 1.55 ± 0.49 2.81 ± 0.39 2.6 ± 0.22 2.38 :± 0.67 2.92 ± 0.6 3.52 ± 1.08 
;: Arabinitol_25.7017_1741 _217 8 0.25 ± 0.03 0.3 ± 0.04 0.28 ,c 0.01 0.4 ± 0.03 0.4 ± 0.04 0.25 ± 0.03 0.2 ,c 0.01 0.23 ± 0.06 0.34 ± 0.02 0.63 ± 0.07 
;; Fructofuranoside_26 .7776_1800_217 C ND 0.2 ± 0.05 ND 0.44 ± 0.21 0.25 ± 0.16 0.2 ± 0.03 0.11 ± 0.03 0.19 :± 0.12 0.82 ± 0.08 1.84 ± 0.22 
;;: Fructose_28.5041 _ 1894_ 103 C 51.5 ± 6.57 23.39 ± 2.79 13.04 ± 0.64 7.02 ± 2.39 10.97 ± 1.28 29.19 ± 1.8 16.91 ± 1.76 12.2 ± 1.7 36.41 ± 0.94 32.73 ± 5.89 
ct Fructose !B PL 28.6855_1904_103 C 35.13 ± 5.18 16.36 ::!:: 2.13 9.33 ± 0.5 7.26 ± 0.61 7.65 ± 1.02 21.52 ± 1.05 11.3 ± 1.24 8.66 ± 1.28 24.98 ± 0.73 21.96 ± 3.45 
;2 Galactose_28.8231 _1912_319 B 1.54 ± 0.28 1.37 cc 0.1 0.75 :t 0.05 0.68 ± O.o? 0.63 ± 0.04 1.07 ± 0.08 1.09 ± 0.09 0.55 ± 0.15 0.94 ± 0.12 0.94 :± 0.05 
a Sedoheptulose_3 2.4637_211 2_319 C 0.47 ± 0.03 0.81 :!:: 0.07 0.66 ,c 0.04 1.33 ± 0.17 1.97 ± 0.21 0.48 ± 0.1 0.51 :!:: 0.05 0.56 ± 0.06 1.66 ± 0.08 3.48 ± 0.21 
,:: 2-0-Glycerol"a ·o-galactopyranoside_3 5.6539_2315_204 C 0.36 ± 0.12 0.42 ,c 0.09 0.26 ± 0.13 0.51 ± O.D2 0.51 ± 0.1 0.69 ± 0.06 0.55 ± 0.04 0.63 ± 0.21 10.83 ± 1.31 651 ,c 0.63 
Glucose-6-phosphate_35.704_2319_387 C 0.74 :t 0.28 ND 0.25 ± 0.1 7 Q.42 :± 0.14 ND 0.99 ± 0.23 0.52 ± 0.11 0.57 ± 0.19 1.05 ± 0.24 0.69 :t 0.32 
Maltose_ 41.6402_2752_361 8 ND 0.45 ± 0.04 0.52 ± 0.04 0.66 :!:: 0.08 0.63 ± 0.06 0.09 ± 0.05 0.4 ± 0.1 0.36 ± 0.09 0.54 ± 0.06 0.17 ± 0.08 ~ 
lsomaltose_ 41.7216_2758_204 8 ND ND ND ND 0.18 ±· 0.06 ND ND ND 0.24 ± 0.05 0.34 ± 0.11 
" 
Other a' 
Glycerol_1 5.8997_1280_205 A ND 0.03 ± 0.01 0.04 ± 0.01 0.02 = 0.01 O.o3 ± 0.01 0.08 :± 0.04 0.06 ± 0.02 ND 0.03 ± 0.01 0.05 ± 0.02 
'j; 
myo-lnositol_3 2.176_2096_318 C 11.86 ± 1.63 10.13 ± 0.76 12,15 ± 0.76 13.48 ± 1.06 17.28 ::!:: 1. 19 10.93 ± 0.68 10.68 :!:: 0.83 13.85 ± 1.73 9.93 ± 1.34 8.91 ± 0.7 i 
Metabol ites are identified in the format 'name_retention time_retention index_base peak'. Metabolite abundances less than 0.01 are li sted as not detected (ND). Data are primarily from 20: 1 split gas chromatography-mass spectrometry (GC-MS} ~ 
analysis; however, the abundance of a number of metabolites wa s calcu lated from sp litless data and annotated with an ·_s· extension to the metabolite ID. ~statistica l significance (combination of treatment and treatment x time) as determined by w 
analysis of variance (ANOVA) is ind icated as A (P < 0.05), B (P < 0.01) or C (P < 0.001). A false discovery rate (FDR) method was applied. g· 
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SnToxA also appears to be localized and targeted to the chloro-
plast, where it has a negative impact on photosynthesis. How Ptr 
ToxA and SnToxA impair photosynthesis is currently unknown, 
although the binding of Ptr ToxA to plastocyanin has been dem-
onstrated ( Tai et al., 2007). 
One of the primary outcomes of photosynthetic disruption is the 
accumulation of ROS. Previous studies on Ptr ToxA have demon-
strated conclusively that its infiltration into Tsn1 -wheat leaves 
results in the accumulation of ROS. Although ROS were not meas-
ured directly in th is study, many enzymes associated with ROS 
detoxification and scavenging were identified as differentially 
abundant during SnToxA exposure. These included all three 8AS1 
peroxiredoxin isoforms, a chloroplastic lipocalin, a th ioredoxin m, 
a glutathione peroxidase, a cyclophilin, as well as the peroxisome 
with an ascorbate peroxidase. The up-regulation of these ROS 
enzymes at 12 and/or 24 hpi implies that the cell and, in particular, 
the chloroplast actively detoxify ROS. The metabolomics data also 
provided evidence that the host is attempting to detoxify increas-
ing ROS levels. This evidence includes increased levels of several 
metabolites associated with ascorbate metabolism, including 
dehydroascorbate, threonic acid, glucuronic acid and glucaric acid. 
It is important to note that multiple sources of ROS in plant cells 
have been identified previously. The primary source for ROS pro-
duced in response to pathogen recognition is NAPDH oxidase. 
Evidence is also now emerging that ROS generated within the cell 
also plays a role in plant-pathogen interactions (Mur et al., 2008; 
Torres, 2010). Studies by Ciuffetti and co-workers have shown that 
ROS accumulate in the chloroplast of Ptr ToxA-treated leaves 
(Manning et al., 2009). One mechanism of ROS production in the 
chloroplast occurs when the photon intensity is in excess of that 
required for CO2 fixation, also known as the excess excitation 
energy (E EE) (Karpinski et al., 2003). How exposure to SnToxA 
leads to EEE generation is unknown. One possibility may be the 
binding of SnToxA to plastocyanin, as has been demonstrated for 
Ptr ToxA. If SnToxA were to bind to, and inhibit, the function of 
plastocyanin, this would result in an accumulation of electrons in 
PSII, leading to the eventual degradation of the reaction centre 
(Schottler et al., 2004; Sommer et al., 2003). Perhaps the accumu-
lation in the photosynthetic machinery demonstrated in this study 
at 12 hpi is a response by the cell to compensate for the initial 
decrease in efficiency caused by the binding of SnToxA to plasto-
cyanin. This compensatory increase, however, would be finite, and 
the continual blockage of electron transfer between the two pho-
tosystems through the binding of SnToxA to plastocyanin would 
eventually lead to excessive electron accumulation, triggering the 
co llapse of the photosystems. This is evident from the continual 
decrease in proteins involved in both photosynthesis and pho-
torespiration throughout the later periods of the time course. It is 
also relevant that the abundance of enzymes associated with ROS 
detoxification decreased significantly after 24 hpi. These data 
suggest that the scavenging and detoxification of ROS are prob-
ably overwhelmed by the levels produced through the collapse of 
photosynthesis, leading to the continual increase in ROS levels 
during exposure, as reported previously. 
The roles of ROS produced in the chloroplast in response to 
Sn ToxA exposure are likely to be multiple. First, it is well established 
that lipid peroxidation by H,O, plays a key role in the execution of 
light-dependent cell death (Monti llet et al., 2005; Torres, 201 O). 
Apart from the requirement of SnToxA for light, our data also show 
a strong up-regulation of chloroplastic lipocalin. Chloroplastic 
lipocalin is a thylakoid luminal protein that responds positively at 
the transcriptional level to various abiotic stresses, including 
drought, high light and paraquat (Levesque-Tremblay et al., 2009) . 
Mode-of-action studies have shown that it is involved in the 
protection of thylakoid membranes from lipid peroxidation (e.g. as 
a product of photosynthetic impairment) and that it represents a 
defence mechanism against oxidative stress. It has also been 
demonstrated that ROS have regulatory and signalling roles, includ-
ing the induction of phosphorylation cascades involved in ce ll death 
responses (Asai et al., 2002; Samuel et al., 2005;Torres, 201 O). It is 
significant to note that Pandelova et al. (2009) showed the 
up-regulation of TaMPK3 gene expression during Ptr ToxA expo-
sure, particularly towards the latter stages of the time course study 
when ROS levels would be at their highest. MPK3 homologues are 
mitogen-activated protein (MAP) kinases that have been shown to 
respond positively at the transcriptional, translational and post-
translational levels during the activation of either effector-triggered 
immunity or pathogen-associated molecular pattern (PAMP)· 
triggered immunity. Rudd et al. (2008) have shown that TaMPK3 
responds to infection by the related wheat pathogen Mycospha-
ere/la graminicola, and have suggested that it plays a role in ETS. 
The current study and previous observations suggest that ROS 
induced by SnToxA and PtrToxA localization to the chloroplast are 
involved directly in cell death through lipid peroxidation, and also 
act as signa lling molecules to trigger the ETS response. 
SnToxA induces host defence responses 
8iomarkers commonly observed during pathogen invasion showed 
a response to SnToxA infiltration, in particular pathogenesis-
related (PR) proteins, including cell wall-degrading enzymes. Also 
known as inducible defence-related proteins, PR proteins are 
absent or barely detectable in healthy tissues, and accumulate 
under pathological conditions. Although not categorized as a PR 
protein, a phenylalanine ammonia-lyase, the first enzyme of the 
phenylpropanoid pathway, falls within this definition (Van Loon 
et al., 2006).AII of the ten PR proteins identified in this study were 
significantly (P < 0.05) more abundant in Sn ToxA-infiltrated leaves 
at 48 hpi than in controls. Nine were basic and were induced by 
more than 3.8-fold; there were four chitinases (spots 8024, 8038, 
8116, 8119), which could belong to the PR-3, PR-4, PR-8 or PR-11 
family, two thaumatin-like proteins (spots 8023, 8163), part of the 
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PR-5 family, one member of the PR-1 family (spot B176) and two 
~-glucosidases (spots B205, B206), members of the PR-2 family. 
The acidic ~-glucosidase (spotASSO) was up-regulated in SnToxA-
infiltrated leaves at 0.5, 4 and 48 hpi, by 2.5-, 2.6- and 2.3-fold, 
respectively. At 48 hpi, phenylalanine ammonia-lyase (B046) pre-
sented a 2.7-fold significant (P < 0.01) induction at the protein 
level. Previous studies have demonstrated that the transcript 
levels of chitinase, a PR-1 protein and ~-glucosidase (Adhikari 
et al., 2009), as well as the transcript abundances of PR-2 and 
PR-4 proteins (Pandelova et al., 2009), increase in wheat leaves 
infiltrated with Ptr ToxA. It is interesting to note that no PR 
proteins were detected as being differentially abundant in a recent 
study examining the effect of PtrToxB on the wheat leaf proteome 
(Kim et al., 2010). Most PR proteins possess antifungal properties. 
Although the mode of action and cellular and molecular targets of 
PR-1 remain unknown, its involvement in the host defence reac-
tion against a variety of pathogens has been widely reported; 
moreover, its constitutive or over-expression leads to an enhanced 
host resistance or tolerance (Van Loon et al., 2006). Both chiti-
nases and ~-glucosidases hydrolyse glycosidic bonds in fungal cell 
walls, thereby releasing chitin oligomers and ~-1,3-glucans, 
respectively, which, in turn, act as elicitors of the defence reaction. 
Resistance in wheat would rely on a rapid recognition of the 
fungal pathogen sensed from released ~-1,3-glucans (Shetty 
et al., 2009). Similarly, thaumatin-like proteins are assumed to 
destroy the fungal cell wall through glucan binding and glucanase 
activities (Liu el al., 2010). 
The interesting aspect of this observed increase in PR protein 
abundance on SnToxA exposure is that it occurs in the absence of 
the pathogen or any other known PAM Ps. A previous study exam-
ining PR protein gene expression in catalase-deficient tobacco 
showed conclusively that sublethal levels of H,O, were sufficient to 
activate the expression of acidic and basic PR proteins. However, it 
was the onset of chlorosis and necrosis (as observed in a typical HR 
response) that was the trigger for rapid and strong activation of PR 
protein expression (Chamnongpol et al., 1998). Evidence from this 
study and others has shown that Ptr ToxA and SnToxA exposure 
results in the induction of intracellular ROS production and the 
up-regulation of ROS-detoxifying enzymes. It is significant to note 
that PR proteins begin to accumulate at 24 hpi, but increase 
significantly at 48 hpi, precisely the time at which the visible 
symptoms of chlorosis become apparent. Taken together, these data 
imply that the accumulation of ROS, including H,O,, as a result of 
the disruption of the photosynthetic process, is sufficient to cause 
an increase in PR protein abundance in the absence of 5. nodorum. 
SnToxA has significant effects on central 
primary metabolism 
Using a complementary metabolomics approach, this study has 
shown that SnToxA exposure results in significant consequences 
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on the central carbon metabolism of wheat. It should be consid-
ered that, although the measurement of differentially expressed 
transcripts and protein levels provides some indication of meta-
bolic control, changes in protein abundance do not always cor-
relate with enzymatic activity, which is often controlled by the 
substrates and products themselves. Many reactions are control-
led at the post-translational level involving metabolic feedback 
mechanisms and phosphorylation (Paul and Pellny, 2003). A key 
example of this concept is the inhibition of phosphofructokinase 
[PFK, a principal regulator of the carbon flux through glycolysis 
and the tricarboxylic acid (TCA) cycle] by phosphoenolpyruvate, a 
downstream product of the reaction catalysed by PFK (Berg 
et al., 2007). Analysis of the small polar metabolome has dem-
onstrated that SnToxA causes significant changes in the abun-
dance of TCA cycle intermediates at the stage of visible plant 
chlorosis. The TCA cycle serves the crucial role of producing 
usable energy to the cell in the form of ATP, in addition to gen-
erating the reducing power essential for many biochemical reac-
tions (Fernie et al., 2004). Interestingly, two key intermediates in 
this pathway (citrate and malate) show a significant increase in 
abundance from 48 hpi in response to SnToxA (fold changes of 
1.8 and 4.4, respectively, at 72 hpi). Succinate, although not sig-
nificant (P = 0.07 at 48 h), is also consistent with this trend. The 
proteomics data generated in this study substantiate the claim, 
with data detailing a late induction of the TCA cycle enzyme 
malate dehydrogenase (MDH) in response to SnToxA treatment. 
This enzyme has been shown previously to be up-regulated in 
wheat in response to the proteinaceous effector PtrToxB (Kim 
et al., 2010). 
The up-regulation ofTCA cycle intermediates on SnToxA expo-
sure appears to belie the chlorotic state of the infiltrated host 
tissue at this stage. It has been demonstrated that the gene 
expression ofTCA cycle enzymes in Arabidopsis thaliana increases 
in response to the bacterial plant pathogen Pseudomonas syrin-
gae (Scheideler et al., 2002). We present the first direct evidence 
of an increase in TCA cycle metabolites in response to pathogen 
effectors. It could be speculated that the up-regulation of TCA 
cycle metabolism is a consequence of the inhibition of photo-
synthesis caused by SnToxA. Ptr ToxA causes chlorophyll loss 
(Manning et al., 2004) and decreases in photosystem complexes I 
and II (Adhikari et al., 2009; Pandelova et al., 2009), disrupting the 
electron transport chain (ETC) and therefore energy production in 
chloroplasts. The ETC in mitochondria is therefore the only remain-
ing site for energy production to continue. The mitochondrial ETC 
requires an electron donor, which can be generated by the TCA 
cycle in the form of NADPH (Buchanan el al., 2009). However, the 
lack of the abi lity of plants to photosynthesize following SnToxA 
treatment reduces the availability of sugars for conversion to 
acetyl-CoA required for the TCA cycle to function. In such condi-
tions of starvation, ~-oxidation of fatty acids is often utilized to 
generate acetyf-CoA (Graham et al., 1994). 
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In plants, ~-oxidation of fatty acids occurs in glyoxysomes 
(Cooper and Beevers, 1969). The acetyl-CoA produced is used in 
the glyoxylate cycle, which bears similarities to the TCA cycle; 
however, the two CO,-producing steps are omitted (Berg et al., 
2007). The majority of research concern ing the role of the glyoxy-
late cycle in plants has been undertaken on germinating seeds and 
senescing leaves (Graham et al., 1994; McLaugh lin and Smith, 
1994), as this pathway was, until recently, considered to be redun-
dant once plants are able to photosynthesize. However, mature 
plants, including wheat, have been shown to possess the enzymes 
involved in th is cycle (Janssen, 1995; Nieri et al., 1997; Pistelli 
et al., 1991 ). Several studies have observed glyoxylate cycle acti-
vation during the HR induced by fungal invasion (Cots et al., 2002) 
and under conditions of starvation (Graham et al., 1992, 1994). 
~-Oxidation of fatty acids and carbon metabolism through the 
glyoxylate cycle represent a possible mechanism for enabling 
wheat to continue energy production following SnToxA treatment. 
In support of the glyoxylate cycle hypothesis, the only TCA 
cycle intermediate detected in this study that did not follow a 
pattern of increasing abundance was cx-ketoglutarate, a metabo-
lite bypassed in the glyoxylate cycle. 
A further explanation for the up-regulation of the TCA cycle is 
the synthesis of metabolites, such as amino acids and porphyrins, 
which, apart from having important roles themselves, are building 
blocks for secondary metabolites important in plant defence 
(Buchanan et al., 2009). Studies are currently underway to analyse 
the secondary metabolites in SnToxA-treated samples.An example 
of a primary metabolite synthesized by the TCA cycle is GABA, a 
nonprotein amino acid well known for its role as a neurotransmit-
ter in animals (Bouche and Fromm, 2004). GABA accumulates in 
response to abiotic and biotic stresses; however, it has an enig-
matic role in plants and, only recent ly, has research identified its 
part in the carbon-nitrogen balance, regulation of pH, herbivore 
defence, redox regulation, energy production and as a signalling 
molecule (Fait et al., 2008; Oliver and Solomon, 2004; Solomon 
and Oliver, 2002). GABA has also been reported to prevent 
damage caused by oxidative stress as reducing equivalents are 
produced by the GABA shunt to eliminate ROS (O liver and 
Solomon, 2004). GABA was present at significantly higher abun-
dance at 48 and 72 hpi in response to SnToxA treatment. 
Its precursor, cx-ketoglutarate, showed a decrease at 72 hpi in 
SnToxA-treated wheat, suggesting depletion, perhaps as a result 
of the production of glutamate and, subsequently, GABA. Whether 
GABA is produced in response to oxidative stress or as a signalling 
molecule has yet to be established. 
SnToxA and Ptr ToxA have comparable 
modes of act ion 
A previous seminal study by Friesen et al. (2006) demonstrated 
that SnToxA, like Ptr ToxA, interacts with Tsn1. This is the first such 
study to analyse the host response to SnToxA exposure and, as 
such, has allowed us to further assess the relationship of Ptr ToxA 
and SnToxA in terms of biological activity. The data presented 
in this study show that SnToxA appears to cause significant 
effects on photosynthesis, with many proteins associa ted with this 
process significantly less abundant aher a short exposure to the 
effector protein. SnToxA also induces a series of defence responses 
in susceptible wheat leaves, including the up-regulation of multi-
ple PR proteins and significant changes to ROS metabolism. These 
changes have mostly been described for Ptr ToxA-infiltrated 
leaves, albeit at the transcript level, demonstrating, for the first 
time, the comparable nature of SnToxA and Ptr ToxA in terms of 
biological activity. 
These data also provide further evidence that necrotrophic 
pathogens, such as 5. nodorum and P. tritici-repentis, seek to 
manipulate existing host machinery to cause cell death and 
promote infection. However, many questions still remain, in par-
ticular with respect to the roles of the generated ROS, and 
follow-up work is now underway to examine host signalling path-
ways and lipid composition during SnToxA exposure. It is also 
worth noting that a further two genes encoding effector proteins 
in 5. nodorum have been identified recently (Liu et al., 2009). This 
study has highlighted the power of investigating both proteins 
and metabolites during effector exposure, and it is envisaged that 
such approaches wi ll be employed to analyse the modes of action 
of these two new necrotrophic effectors. 
EXPERIMENTAL PROCEDURES 
Wheat culture, leaf infiltration and sampling, and 
toxicity assay 
SnToxA-sensitive wheat (Triticum aestivum L. genotype BG261) was 
grown from seeds, as described previously (Solomon et al., 2006). SnToxA 
was purified from 5. nodorum, as described previously (Oliver et al., 2009). 
Ten-day-old plants were infiltrated, as described previously (Liu et al., 
2004), with either distilled H,O or purified SnToxA (1.22 µg/ml) at the 
start of the photoperiod. 
Plants for proteomic analysis were collected at 0, 0.5, 4, 12, 24 and 
48 hpi. Three biological replicates were collected, each containing ten 
infil trated areas. Infiltrated leaf areas for soluble protein extraction were 
pooled and instantly frozen in liquid nitrogen and stored at -80 °C. Plants 
for metabolomic analysis were harvested at 0, 4, 12, 24, 48 and 72 hpi. Six 
biological replicates were harvested, each containing eight leaf sections 
per sample. Metabolism was quenched in liquid nitrogen immediately and 
tissue was stored at -80 ° ( until extraction. 
For the toxicity assay, fresh infiltrated leaf samples were digitalized 
using a flatbed scanner (model Epson Perfection 4990 Photo, Epson, North 
Ryde, NSW, Australia). Changes in colour associated with infiltration symp-
toms were analysed using Scion Image software (Scion Corporation, Fre-
derick, MD, USA) following the method devised byWijekoon et al. (2008). 
The ch lorotic area associated with SnToxA infiltration was quantified 
across the following time course: 0, 0.5, 4, 12, 24, 48 and 72 hpi (Adhikari 
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et al., 2009). Five leaves infiltrated with water and ten leaves infiltrated 
with SnToxA were used for each time point. 
Protein extraction, assay and labelling 
Frozen leaf samples were finely ground in liquid nitrogen using a chilled 
mortar and pestle. Soluble proteins were extracted using a trichloroacetic 
acid- 2-mercaptoethanol-acetone method devised by Damerval et al. 
(1986). Protein pellets were solubilized in 1 ml DIGE lysis buffer 
(7 M urea,2 M thiourea,4%wlv 3- [3-(cholamidopropyl)dimethylammonio]-
1-propanesulphonate, 30 mM Tris-Cl, pH 8.5). Protein extracts were trans-
ferred into 2-ml Eppendorf tubes and their pH was monitored by di luting 
2 µL into 20 µL double-distilled H20 and wetting pH 0-14 indicator strips 
(Merck, Kilsyth, Vic., Australia). When necessary, the pH of the protein 
extract was adjusted to 8.5 with 50 mM NaOH. 
The protein content of leaf protein extracts was estimated using a 2-D 
Quant Kit (GE Healthcare, Ryldamere, NSW,Australia) following the manu-
facturer's instructions. Protein extracts were stored at -20 °( until use. 
In order to maximize labelling reproducibility across samples, a 150-µg 
aliquot of each protein extract was transferred into a fresh 1.5-ml Eppen-
dorf tube and completed with D!GE lysis buffer to bring the volume to 
150 µL in each tube. The homogeneity of protein content was further 
checked using one-dimensional electrophoresis (data not shown). Samples 
were labelled using CyDye DIGE fluors (minimal dyes kit, GE Healthcare), 
according to the manufacturer's instructions, with minor modifications. 
Amine reactive cyanine (Cy) dyes were fresh ly dissolved in anhydrous 
dimethyl formamide. The internal standard consisted of a pool of 75 µg of 
each sample and was labelled with 200 pmol Cy2. DIGE labels were 
assigned to samples according to a randomized design; 150 ,ug of proteins 
of each sample were label led with 200 pmol Cy3 or Cy5. Labelling reac-
tions were performed in a cold room on ice and quenched using 10 mM 
lysine. Samples labelled with Cy3 and CyS were randomly pooled and 
mixed with the Cy2-labelled internal standard prior to isoelectric focusing 
(I EF). The labelling reaction was incubated on ice in the dark for 30 min. 
The reaction was terminated by the addition of 10 nmol lysine. 
Two-dimensional electrophoresis 
Wheat leaf proteins were separated using two-dimensional electrophore-
sis (O'Farrell, 1975). During the firSt dimension, proteins were resolved 
along two pH ranges: acidic (pH 4-7) and basic (pH 7-10); they are 
hereafter referred to as acidic and basic proteins, respectively. 
For acidic proteins, al l 36 samples (two treatments x six time points x 
three replicates) were ana lysed over the whole 0- 48~h time course. D1GE-
labelled protein samples were S!:'parated using the IPG-lEF technique 
(Bjellqvist et al., 1982). Pooled labelled samples (375 µg proteins/gel) 
were diluted into an IEF so lution (7 M urea, 2 M thiourea, 4% wlv 
3-[3-(cholamidopropyl)dimethylammonio]-1-propanesulphonate, 1 % w/v 
dith!othreitol, 1 % v/v 2-mercaptoethanol, 10 mM tris-(2-carboxyethyl)-
phosphine-HCI, 0.25% ampholites 3-10, 0.25% ampholites 4-7) to reach 
a volume of 470 µL, and then loaded onto 24-cm 4-7 !PG strips (GE 
Healthcare} through in-gel rehydration. JPG-IEF was pertormed at 20 °( 
using IPGphor II (GE Healthcare) and the following programme: 0 V for 
1 h, after which mineral oil was added, 50 V for 12 h, 200 V for 30 min , 
500 V for 30 min, 1000 V for 1 h, 8000 V for 90 h, until a total of 
93 000 Vh had passed. 
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For basic proteins, 12 samples {two treatments x two time points x three 
replicates) from time points 24 hand 48 h were separated using IPG-IEE 
Unlabelled protein samples (500 µg proteins/gel) were diluted into 
DeStreak rehydration solution (GE Healthcare) with 1 % ampholites 7-1 Oto 
reach a volume of 470 µ.L, and then loaded onto 24-cm 7- 10 IPG strips 
(Bio-Rad, Hercules, CA, USA} through passive in -gel rehydration overnight. 
IPG-IEF was performed at 20 °( using MultiPhor II (GE Healthcare) and the 
following programme: 150 V for 15 min, 200 V for 30 min, 300 V for 5 min, 
300 V for 5 h, 1000 V for 5 h, 3500 V for 4 h, 3500 V for 102 h, until a total 
of 370 000 Vh had passed. To produce gels for spot excision, the same 
protocol was applied, except that 1 mg of proteins was loaded. 
IPG strip equilibration was performed according to G6rg et al. (1988) by 
incubation in 1 % dithiothreito! for 15 min, followed by incubation in 2.5% 
iodoacetamide for 15 min. Equilibrated IPG strips were transferred 
onto 12.5% homecast polyacrylamide/bisacrylamide (37.5 : 1) gels (0.1 x 
24 x 20 cm3) and sealed in 1 % (w/v) agarose (lnvitrogen, Mu lgrave Vic., 
Austra lia) in Laemmli (Laemmli, 1970) running buffer with 0.002% (w/v) 
bromophenol blue (BPB). The second dimension was performed using the 
Ettan DALT six Electrophores is Unit (GE Healthcare) at 10 °C at 40 V for 
30 min, followed by 450 V for 4 h 30 min (0.4 mA, 100 W). 
Gel staining, image processing and statistical analyses 
For labelled acidic proteins, two-dimensional gels were digitalized using 
Typhoon Trio (GE Healthcare) employing fluorescence acquisition mode, 
200-µm resolution, 600 V photomultiplier tube and normal sensitivity. 
Images were analysed using DeCyder 2D 7.0 (GE Healthcare). About 1000 
spots were detected per image. _ 
For basic proteins, two-dimensional gels were stained following the 
silver nitrate staining method developed by Rabilloud and Charmont 
(2000). Sta ined gels were scanned using a Molecular Imaging PharosFX 
Plus system (Bio-Rad) at 100-µm resolution with the densitometry mode. 
Images were converted into TIF format (16-bit greyscale, 254 dots per 
inch). Images were processed using lmageMaster 2D Platinum (GE Health-
care). About 500 spots were detected per image. Statistical analyses were 
executed on reproducible spots only (i.e. present in two of three biological 
replicates). 
Two-way ANOVAs were pertormed using JMP 8.0.1 software (SAS 
Institute Inc., Cary, NC, USA) and the following model: A;; = Tl; + TR1 + 
(Tl x TR)if + e;i, where Aif denotes the protein abundance measured for 
time i and treatment j, with 1 < i < 6 and 1 < j < 2. The terms Tl; and TRi 
measure the effect of the time and treatment, respectively. The interac-
tion term (Tl x TR);1 accounts for the interaction between time and treat-
ment. An FDR method (Reiner et al., 2003) was applied. One~way 
ANOVAs were also carried out using JMP at each time point, employing 
the following model: A= TRi + e;, where A denotes the protein abun-
dance measured for treatment i, with 1 < i < 2. All spots that displayed 
significant P values (a= 0.1) for treatment and time x treatment inter-
action effects were selected for excision. Among the spots that displayed 
significant P values for the time effect, those that showed significant 
treatment effect at a particular time point were also selected for excision. 
Hierarchical clustering analyses (HCAs) using Ward's method and PCAs 
were periormed using JMP. 
For the excision of significant acidic spots, two-dimensional gels 
obtained fo!lowir'rg D!GE labelling and separation along the pH 4-7 range 
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were further stained using the 'Blue Silver' Coomassie staining protocol of 
Candiano et al. (2004). For the excision of significant basic spots, two-
dimensional gels on which 1 mg of proteins from pooled samples per time 
point (24 and 48 hi were loaded and resolved along the pH 7-10 range 
were stained following Candiano et al. (2004). 
Protein identification using MS 
Significant spots (76 acidic and 54 basic) were manually excised in dupli-
cate from Coomassie-stained gels and pooled into a fresh tube. Following 
destaining by three 45-min washes with 25 mM ammonium bicarbonate in 
50 : 50 acetonitrile-water, spots were vacuum dried, trypsin digested and 
analysed using a 5800 MALDI TOF/TOF TM analyser (Applied Biosystems/ 
MOS SCIEX, Mulgrave, Vic., Austral ia) as described in Bringans et al. 
(2008a). The 55 spots that did not yield any spectrum were further ana· 
lysed using a Ultimate 3000 nanoflow LC system (Dionex, Bannockburn, IL, 
USA) on line with the 4000-Q· Trap (Applied Biosystems), as described in 
(Bringans et al., 2008b). 
Peptide mass fingerprinting spectra and the peptide sequence spectra 
of each sample were processed using MASCOT software (Matrix Science, 
London, UK) hosted at the Australian Proteomics Computational Facility 
(http:J/www.apcf.edu.au). MASCOT parameters were set as follows: methio-
nine oxidation as a variable modification, one maximum miscleavage, 
monoisotopic 1 + peptide charge and a 0.4-Da peptide tolerance. Data 
search files were searched against the nonredundant (nr) National Center 
for Biotechnology Information (NCBI) database restricted to Viridiplantae. 
MS outputs are available on the PRIDE repository (http:l/www.ebi.ac.uk/ 
pride) with accession number 16648, corresponding to spots A 136 
to 8216. These outputs are also available in Table 54 (see Supporting 
Information). 
The TargetP algorithm (Emanuelsson et a/., 2000) (http:l/www.cbs. 
dtu.dk/services/TargetP/) was used online to predict targeted compart-
ments. The ChloroP algorithm (Emanuelsson er a/., 1999) (http: /1 
www.cbs.dtu.dk/services/ChloroP/) was used on line to predict chloroplast 
targeting based on the predicted presence of cTP. Proteins of unknown 
function were further searched against the nr database using the BLASTp 
algorithm. Annotations with a minimum f value of 1.00e-25 were 
selected; their abbreviated codes display an asterisk. 
Extraction, derivatization and analysis of wheat 
metabolites using GC-MS 
Metabolite analysis was carried out with slight modifications to previous 
methods (lpcho et al., 2010). Sample weights were taken of frozen tissue 
before samples were homogenized (2 min, 20 Hz) in a Tissue Lyser 
(Qiagen, Hilden, Germany). Frozen tissue powder (approximately 60 mg) 
was extracted with methanol (800 µL) containing 0.125 mg/ml of ribitol 
internal standard. The mixture was extracted at 4 °C with shaking (45 min, 
900 rpm) and mixed with water (200 µL). To remove nonpolar metabolites, 
chloroform (500 µL) was added, mixed vigorously and centrifuged 
(10 min, 2000 g). The upper methanol-water phase was taken and 
washed again with chloroform (500 µL). The nonpolar phase was dis-
carded and the methanol-water phase was dried under vacuum. 
Derivatization was performed online with the Gerstel MultiPurpose 
Sampler (Linthicum, MD, USA). Methoximation of carbonyl groups was 
achieved with incubation and shaking at 37 °( (90 min, 1200 rpm) with 
methylamine·HCI (20 µL. 20 mg/ml in pyridine). Trimethylsilylation of 
polar groups was completed by the addition of 30 µl of N·trimethylsilyl· 
N·methyl trifluoroacetamide (MSTFA). followed by incubation at 37 ' C 
and shaking for 30 min. 
GC-MS analysis was undertaken as described previously (Lowe et al., 
2009). Samples were analysed in splitless and 20 : 1 split modes in order 
to obtain quantitative data for all metabolites over the extensive range of 
concentrations present. The splitless dataset was used for metabolites of 
lower concentration which were not reliably quantified in the split analy-
sis. Metabolite abundances were normalized to the ribitol internal stand-
ard and sample weights using AnalyzerPro (SpectralWorks Ltd., Runcorn, 
Cheshire, UK). The mass spectra of the compounds found were identified 
using the publicly available Golm metabolome database (Max-Planck· 
Institute for Plant Physiology; Schauer et al., 2005) and the commercial 
National Institute of Standards and Technology 08 (NIST; http:l/www. 
nist.gov/index.html) mass spectral library. Data analyses were carried out 
using The Unscrambler (Version I 0.0, CAMO ASA, Oslo, Norway) and the 
JMP 8.0.1 statistical package (SAS Institute Inc.). Metabolites deemed to 
be significant as determined by ANOVA for treatment and treatment x 
time were combined. An FDR method was applied (Benjamini and 
Hochberg, 1995). 
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SUPPORTING INFORMATION 
Additional Supporting Information may be found in the online 
version of th is article: 
Table 51 Features of the experimental design pertaining to two-
dimensional electrophoresis. 
Tabl e 52 Observed p/ and molecular weight (MW), log, ratios 
(ToxAIH,O) and P values of the identified proteins. 
Table 53 Identities of differentially expressed proteins following 
matrix-assisted laser desorption ionization time-of-flight tandem 
mass spectrometry (MALDI TO F/TOF MS/MS) and MASCOT search. 
C, chloroplastic location; 5, secreted protein; -, other location. 
Spots highlighted in grey contain more than one protein (i.e. 
cross-contaminations). 
Table 54 MASCOT results. 
Please note:Wiley-Blackwell are not responsible for the content or 
functional ity of any supporting materials supplied by the authors. 
Any queries (other than missing material) should be directed to 
the corresponding author fo r the article. 
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Chapter 3: Characterization of the 
secondary metabolite response 
of wheat to the Stagonospora 
nodorum effector SnToxA 
48 
Foreword 
The previous chapter described the primary metabo lite response of a susceptible 
wheat cultivar to th e SnToxA effector from Stagonospora nodorum. The results 
demonstrated an increase in tricarboxylic acid cycle metabolites suggesting an 
increase in energy production . This was hypothes ised to be an effort by the plant 
to ge nerate energy and building blocks to support a plant defe nce response. Both 
transcriptomic (Pand elova et al., 2009) and proteomic data (Vincent et al., 2012) 
demonstrated an up regulation of plant defence by SnToxA. Metabolites implicated 
in plant defence responses often belong to the seco ndary metabolite class. 
Secondary metabolites are considered non-essential for basic plant growth and 
development but confer a survival advantage particularly in pl ant res istance to 
pathogens. For a review describing the importance of secondary metabolites in 
wheat-pathogen interactions refer to Chapter 1 (section 1.2) . 
Many secondary metabolites possess differing chemical properti es to pr imary 
metabolites and are therefore often not amenable to analysis by Gas 
Chromatography-Mass Spectrometry (GC-MS) . Liquid Chromatography (LC-MS) 
has been successfully used to ana lyse plant secondary metaboli tes (Broeckling et 
al., 2005; L6pez-Gresa et al., 2011). Hence, th e following research describes LC-MS 
analys is of wheat secondary metabolites after SnToxA-i nfiltrati on . This resea rch is 
complementa ry to previous transcriptomics, proteomics and primary metabolite 
profiling approaches and will provide insight into whether SnToxA also induces 
plant defe nce at the metabolite leve l. In addition, th is study explores the activity of 
effecto r-induced plant secondary metabolites agai nst S. nodorum and evaluates 
their potential to impact th e outcome of the S. nodorum-wheat interaction. 
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• 5tagonospora nodorum and Pyrenophora tritici-repentis produce the effector ToxA that 
inte racts with the dominant susceptibility gene in wheat, Tsn1. However, the way in which 
ToxA induces cell death and causes disease is unclear. 
Received: 28 February 2013 
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• Here, we performed comprehensive metabolite profiling of ToxA-infiltrated wheat 
(Triticum aestivum) to observe the secondary metabolite response to this effector. 
New Phytologist (2013) 
doi: 10.11 11/nph.12356 
Key words: effector, plant defence, 
secondary metabolism, serotonin, SnToxA, 
Stagonospora nodorum, wheat (Triticum 
aestivum). 
• A strong induction of secondary metabolism subsequent to SnToxA infiltration was 
observed, including the monoamine serotonin . We established a novel role for serotonin as a 
phytoalexin in wheat and demonstrated that serotonin strongly inhibited sporulation of 
5. nodorum. Microscopy revealed that serotonin interferes with spore formation and matura-
tion within pycnidial structures of the fungus. Subsequent analysis of 5. nodorum exposed to 
serotonin revealed metaboli tes changes previously associated with sporulation, including tre-
halose and alternariol. Furthermore, we identified significantly lower concentrations of seroto-
nin during infection compared with infiltration with ToxA, providing evidence that 
5. nodorum may suppress plant defence. 
• This is the first study demonstrating induction of plant secondary metabolites in response to 
a necrotrophic effector that have significant antifungal potential against the pathogen. While 
it is generally accepted that necrotrophs exploit host cell responses, the current research 
strengthens the notion that necrotrophs requ ire mechanisms to overcome plant defence to 
survive initial stages of infection. 
Introduction 
Owing to rhe immobi le nature of plants and the ir inabi!ity to 
escape pathogens, plants have evolved comp lex defence mecha-
nisms to prorecc themse lves against threats. Plant defence is 
often separated into two d istinct types. The first recognizes 
pathogen-associated mo lecu lar patterns (PAM Ps) by pattern 
recogn ition receprors and ch is activates PAM P- triggered im mu-
nity (PT!) and basal defence responses Oones & Dang!, 2006). 
Basal defence is a broad range o( nonspecific defence responses, 
which in the majority of cases is effec tive in preventing further 
colonization by a wide range of pathogens (Dangl & Jones, 
200 1). However, certain pathogens have evolved the ability ro 
produce effectors, which overcome PTI, leading co effecror-
triggered susceptibility (ETS). H erc, the second type of plant 
defence, ca lled effecror-triggered immunity (ET!), can be acti-
vated . This is initiated inside the ce lt by the recognition of 
pathogen effecto rs by p lant resistance-gene products, often 
nucleotide binding site (N BS)-leucine rich repeat (LRR) pro-
teins Uones & Dang!, 2006). This defence mechanism involves 
a hypersensitive response and localized host cel l death and is 
therefore successful against biotrophic pathogens thar require 
living host tissue to survive. 
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The host mechan isms, though govern ing the resistance and 
susceptibility to necrotrophic pathogens, arc less well understood. 
Recently, however, several necrotro phs have been shown to 
secrete host-specific roxins (HSTs) or effector proteins that play 
a crucial role in the outcome of d isease (Wolpert et al., 2002; 
Oliver & Solomon , 20 I 0). A single dominant gene often confers 
host susceptibility tO these effecrors and the presence of both the 
susceptibi lity gene and effector results in ETS and corresponding 
host cell death, therefore causing disease. T hus it would appear 
that rather than avoid recognition, necrotrophs willingly exploit 
host ce ll death mechanism(s) fo r their own nut ri tional gain and 
subsequent d isease success. Hence, interactions between necro-
troph ic effectors and plant susceptibility genes are termed inverse 
gene-fo r-gene interactions (Oliver & So lo mon, 20 10) and rhe 
discovery of ETS in necrotrophic interactions has revealed char 
these pathogens have evolved more soph istica ted mechan isms of 
ca using cell death in their hosr than originally thought. 
The best characterized of these necrorrophic host-specific effec-
ror proteins is PtrToxA, originally d iscovered in Pyrenophora 
tririci-repentis, the causal agent of tan spot of wheat (Ballance 
eta!., 1989; Tom as eta!., 1990; Tuori eta!., 1995; Zhang eta/., 
1997). PtrToxA is a 13.2 kOa protein (Tuori eta/., 1995) and 
has a uniq ue protein sequence harbouring no known fu nctio nal 
.\',·u /'/,l'fologi,1(20 13) 
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protein motif (Manning & Ciuffetti, 2005). PrrToxA is internal-
ized in a light-dependent manner into sensitive host mesophyll 
cells containing Tsnl (Mann ing & Ciuffetti, 2005) via an 
unknown mechanism (Ma nning eta/., 2008). Yeast two-hybrid 
experiments indicate char the Tsn I protein does nor directly 
interact with PrrTox.A and a receptor has nor been identified 
(Faris eta/., 2010). Once internal ized, PrrToxA is localized to the 
chloroplast where ir interacts with a ch.loroplast membrane-asso-
ciated protein designated ToxA binding protein-] (ToxABP-1 ; 
Manning eta!., 2007). Recent microarray stud ies have established 
major transcriptiona.l reprogramming in wheat following PrrTox-
A infiltration (Adhikar i et al., 2009; Pandelova et al., 2009). 
These changes include the induction of plant defence responses, 
impairment of photosynchecic machinery and increased responses 
co oxidative stress. However, che role of PtrTox.A in inducing 
these responses is unknown. 
Recently, genome sequence analysis of the related wheat path-
ogen Stagonospora nodorum (Hane eta!., 2007) identified a PrrT-
oxA homologue (SnToxA) shari ng 99.7% sequence identity, and 
evidence exists for rhe lateral transfer of this gene from 
S. nodorum to P. tritici-repentis some time before 1941 (Friesen 
eta!., 2006). Preliminary studies of SnToxA have indicated that 
SnToxA and PrrToxA have comparable modes of action and the 
same gene confers suscepribility (Friesen eta!., 2006; Vincent 
eta!., 201 l ). Although a susceptibi li ty gene, Tsnl contains fea-
tures typically associated with classical resistance (R) genes, 
including NBS and LRR domains (Faris eta!., 2010). Two addi-
tional dominant susceprjbili ty genes in other species have also 
been identified to contain th ese R gene-associated domains; 
LOVJ in Arabidopsis confers susceptibility to rhe victorin effec-
tor produced by Cochliobolus victoriae (Lorang et al., 2007) and 
Pc in sorghum confers susceptibi li ty co the PC toxin produced by 
Periconia circinata (Nagy & Bennerzen, 2008). The cloning and 
identification of these genes have outlined the similarities 
between host responses that lead to resistance against biotrophs 
and those that resu lt in susceptibility to necrotrophs (Lo rang 
eta!., 2007; Hammond-Kosack & Rudd, 2008) . 
A major component of successful plant defence mechanisms is 
the production of antimicrobial secondary metabolites which are 
either preformed (phyroanticipans) or pathogen/srress-induced 
(phytoalexins; Du Fall & Solomon, 2012). Ir is yet to be estab-
lished whether these metabolites play a role in SnToxA-induced 
cell death in wheaL In this study, we undertook comprehensive 
metabolite profiling of wheat extracts to determine the effect of 
Sn ToxA on the secondary metabolism of wheat. LC-MS has been 
used successfully over recent years to measure hundreds of planr 
secondary metabolites unable to be de tected using more tradi-
tional GC-MS methods (von Roepenack-Lahaye eta!., 2004; 
Kanno eial., 2010; Spagou eta!., 2010). This technology has 
enabled a powerful approach to investigate the changes in plant 
secondary metabolism induced by Sn ToxA in order to under-
stand the mechanisms behind SnToxA-induced cell death. Plant 
mecabolires altered significantly by SnTox.A were functionally 
characterized in terms of their activity against 5. nodorum. This 
led to the discovery of a number of pathways induced by SnT ox.A 
that produce metabolites with novel antifungal activity. These 
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resu lts hold substantial potential for control of S. nodorum by the 
agricultu ral community in addition to contributing to our under-
standing of necrorrophic effectors and ETS. 
Materials and Methods 
Plant growth and infiltration 
SnToxA-sensitive wheat cultivars (Triticum aestivttm L. genotype 
BG261 and Grandin) and the SnTox3-sensirive culrivar (BG220) 
were grown from seed as descri bed previously (Solomon et al., 
2006a). Purified SnToxA protein was kindly provided by Richard 
Oliver's laboratory (Curri n University, Austral ia). The second 
leaf of I 0-d-old plants was infil rra red with distilled water or pu ri-
fied SnToxA (1.22 µg ml- 1) at the beginning of the phoroperiod 
(Liu eta!., 2004) . For SnTox3-infilrrared BG220, rhe histidine-
ragged SnTox3 protein was purified using a Pichia pastorisexpres-
sion system. The Sn Tox3 and empty vector control samp les were 
purified by Fast protein liquid chromatography (FPLC) using a 
histidine-rag affinity column (GE Healthcare, unpublished). The 
concentration of SnTox3 was adjusted so that infiltration of the 
protein caused comparable amounts of chlorosis and necrosis 
over the same time course as SnToxA. Plants were harvested at 4, 
12, 24, 48 and 72 h posrinfilrration (hpi). Six biological repli-
cates, each consisting of eight infiltrated sections, were harvested 
and metabolism immediately quenched by snap-freezing in liquid 
nitrogen. Tissue was stored at -80°C unti l exuaccio n. For LC-
MS analysis of metabolite concentrations in infected tissue, 
plants were infected with- a 5 ~LI spore suspensio n (1 x 106 
spores m l- \ left in a dark humid environment for 2 d before 
returning co regular glasshouse conditions. In fected tissue was 
harvested at 7 d posrinfilrrarion (dpi). 
Extraction of semipolar wheat metabolites 
Six replicate samples were kept frozen and homogenized (2 min, 
20 Hz) in a TissueLyser (Qiagen). Frozen tissue powder 
(c. 60 mg) was extracted with 1 ml 80% methanol at 4°C with 
shaking (45 min, 900 rpm). Samples were centrifuged to pellet 
cell debris (20 000 g, 10 min), the supernatant was transferred to 
a fresh tube and dried under vacuum (Labconco cenrr ivap, 
Kansas City, MO, USA). Immediately becore LC-MS analysis, 
metabolite samples were resuspended in 80°/o methanol, centri-
fuged (20 000 g, 10 min) and 200 rt! was transferred to an 
autosampler vial. 
LC-MS analysis 
Liquid chromatography-mass spectrometry analysis was under-
taken on an Agilent 1200 series high-performance liquid chro-
matograph (Agilent, Santa Clara, CA, USA) equipped with an 
aurosampler, degasser and binary pump. Chromatographic sepa-
rarion was performed at room temperature using a ZO RBAX 
Eclipse RRHD C18 column (1.8 µm particle size, 2. 1 mm 
i.d. x 150 mm; Agilent) and an in-line filter. The mobile phase 
consisted of a linear gradiem of 95% eluent A (0.1 % (v/v) formic 
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acid in deionized water) to I 00% eluent B (0.1 % (v/v) formic 
acid in 90% aceronitri le) over 50 min at a Aow race of 
200 pl min - 1. The gradient was followed by a 5 min hold at 
100% eluenr B, back to 95% eluent A over 5 min and a 10 min 
re-equilibration. An Agilent 6520 quadrupo le rime-of-flight 
(QToF) system with a Jecsrrearn el ecrrospray ionization (£SO 
source was coupled ro the LC for accurate mass detection. ES ! 
conditions were as follows: nebu lizer pressure, 35 psi; gas Aow 
rare, lO I min-1; gas temperature, 350°C; capillary voltage, 
3500 V; fragmentor, 175 V; and skimmer, 65 V. The instrument 
was operated in the 2 GH z extended dynamic range mode and 
data were collected in the mlz range 70-1000 amu. For compre-
hensive analys is, positive and negative io n modes were employed. 
Dara processing was performed with Mass Profile r Professional 
software (Agilent). 
LC-MS data analysis 
Liquid ch romarography-mass spectrometry data deconvolution 
and peak findi ng were performed using the MassHunter Qualita-
tive software (Agilent) . The molecular feature algorithm extracted 
peaks over a threshold of 1000 counts. Peak alignment, normal i-
zation to totaJ area an d statistical analysis were performed us ing 
MassHunrer Mass Profil er Professional software (Agilent). Puta-
tive metabolite ident ificatio ns were assigned using the publicly 
avai lable MassBank Qapan), ReSpecr (RIKEN Plant Science 
Center) and METLIN (Scr ipps Centre for Merabolomics and 
Mass Spectrometry) databases. 
Fungal growth 
Stagonospora uodorum wild-type scrain SN 15 was provided by the 
Department of Agriculture and Food, Government of Western 
Auscralia, South Perth, WA, Australia. The fungus was routinely 
grown on VS PDA plates as previously described (Solomon et al., 
2004). For mycelia! growrh assays requiring contro!led growth 
conditions, 5. nodorum SN 15 was used co inoculate minimal 
medium (MM) as previously described (Solomon et al., 2004). 
Radial growth was measured every other day for 2 wk. For sporu-
lation assays, spores were isolated and counted 14 dpi. 
Detached leaf assays 
The abilicy of S. nodorum SN 15 co grow and sporu lare in vivo 
was assayed on detached leaves from 2-wk-old wheat seedlings, 
using a merhod modified from that described by Benedikz eta!. 
(1981 ). BrieAy, rhe distal ends (2 cm) of the detached wheat 
!eaves were removed and the nexr 4 cm portions were embedded 
into agar (15 g 1- 1) ada.xial side up. Concentrations of serotonin 
and 6-methoxy-2-benzoxazolinone (MBOA) ranging from 0.1 to 
IO m!Vl were dissolved in water and ethanol (0.50/o final concen-
tration). respectively, and added co rhe agar after autoclaving. 
Decached leaves were inoculated with S. nodorum SN 15 spores 
( IO µI , I x 106 spores ml - 1) containi ng 0.02% Tween20 and the 
leaves were incubated under 12: 12 h light: dark conditions ar 
25°C. Spores were isolated and counted ac 14 dpi by emerging 
~p .1 I h_ \,.1110 
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leaves in water for IO min before strai ning suspension through 
glass wool to re move mycelia. For LC-MS analysis of detached 
leaves, 2-wk-o ld leaves were placed in agar with and withouc 
I mM serotonin . The control pbte was inoculated with 
S. nodorum spores (5 rd, I x 106 ml -1). Three leaves were col-
leered per rep licate a t 72 h, placed in 2 ml cubes and immed ia tely 
frozen in liqu id nitrogen. 
Extraction of fungal metabolites for GC-MS analysis 
Fungal mycelia were scraped from plates ar 13 dafter inoculation, 
frozen in liqu id nitrogen to quench metabolism and lyophilized. 
Weights were recorded and mycel ia transfer red to a 2 ml safelock 
rube with a 3 mm ball bea ring. M ethanol (685 µl , -40°C) co n-
ta ining ribitol (75 rd, 50 r1M) was added and mycelia disrupted 
using a tissue lyser (25 H z, 2 min). Tubes were frozen in liquid 
nitrogen and thawed on ice to further disrupt cells. After vortexing 
brieAy, cell debris was collecred by centrifugation (20 000 g, 
2 min). Supernatant was transferred to a fresh cube, vo rtexed and 
centrifuged again. A 2 mg of equivalenc of fun gal tissue was trans-
fe rred to a glass vial and dried us ing a cencrivap {Labconco). 
Derivatization was performed online with the Gerstel Multi-
Purpose Sampler (Linthicum, MD , USA). Merhoximarion of 
ca rbonyl groups was achieved with incubation ar 37°C a.nd shak-
ing (90 min, 1200 rpm) with merhylamine-HCI (20 µI, 
20 mg ml - 1 in pyridine). Trimethylsilyacion of polar groups was 
completed by the addition of 30 pl of N-trimerhylsi lyl-N-merhyl 
rriAuoroaceramide (MSTFA), followed by incubation at 37°C 
and shaking (30 min , 1200 rpm). GC-MS ana lysis was under-
taken as described previously (Lowe et al, 2009). Samples were 
analysed in 20: l split mode. Metabolite abun dances were nor-
malized to the rib itol inrernal standard and samp le weights us ing 
AnalyzerPro (SpectralWorks Lrd, Runcorn , Cheshire, UK). Peak 
identification was performed using the publicly avai lable Galm 
merabolome database (Max-Planck-Inst itute for Plant Phys iol-
ogy; Schauer eta!., 2005) and the commercial National Jnsriture 
oF Stand ards and Technology 08 (NIST; http://www.nist.gov/ 
index.html) mass spectral library and confirmed using databases 
generated in-house. Mulrivariare data analyses were carried our 
using The Unscrambler (versio n I 0.0, CAMO ASA, Oslo, Nor-
way) and the JMP 8.0. 1 statistical package (SAS Institute Inc., 
Cary, NC, USA). Metabolites deemed to be sign ificant 
(P> 0.05), as determined by ANOVA for treatment and treat-
ment x rime, were combined. A false d iscovery rare (FDR) 
method was applied (Benjamini & Hochberg, 1995). 
Microscopy 
Fungal cul ture morphology was observed using 5 mm blocks of 
MM plates fixed in paraformalehyde as described previously 
(Skalamera & Hardham , 2006). The blocks were placed in liquid 
Tissue-Tek (Mi les Inc., Elkhart, IN , USA) inside a plastic mou ld 
(Cryomold; Miles Inc.) and plunged into liquid nitrogen. The 
frozen block was stored at -20°C for 24 h before sectioning. Sec-
tioning was performed on a Reichert cryorome (2800 Frigocut E, 
Depew, NY, USA) set to cut 14 pm sections. The sections were 
.\'n,,f'l,,1,1/11si,11llll.\i 
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transferred to a gelatin-coated glass slide and left for 10 min 
before staining. Tissue-Tek was removed by dipping the slides 
briefly into water and air-d1ying. Staining was carried our with 
roluidine blue in benzoate buffer (pH 4.4) for 2-3 min followed 
by thorough rinsing with water. Sections were viewed using an 
Axioplan universal microscope (Zeiss). 
Results 
LC-MS analys is of semipolar metabolites in SnToxA w heat 
Dara of four biological replicates were acquired in positive and 
negative ESI modes on the LC-QfoF for \Vater-infi ltrated and 
SnToxA-infi ltrated wheat at five time points, thereby generating 
two comprehensive datasets. For simplicity, these positive and 
negative mode data wi ll be referred to as datasets 1 and 2, respec-
tively. A representative chromatogram is shown in Supporting 
Information, Fig. S 1. Using the software and algorithms ouclined 
in the Materials and Methods section, 131 and 159 mass fearures 
were identified in datasets 1 and 2, respectively, that were present 
in at least three of the four biological replicates and had a mini-
m um twofold change. 
New 
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Principal component analys is (PCA) was used to discover 
trends within the dataset and determine data quality. Nearly all 
of the biological replicates clustered together, verifying the exper-
imental design and robustness of the method. The PCA plots 
illustrate that the largest variations accounted for by principal 
component I (PCI ) are 28.41 and 25.68% for datasets I and 2, 
respectively (Fig. la,b). In both cases, the variation in PCl can be 
explained by the difference between water- and Sn ToxA-infil-
traced wheat ar 48 and 72 bpi. PC2 accounred for 16.75 and 
15.77% for darasets l and 2, respectively, and can be partially 
explained by che rime points at which samples were collected. 
The 20 mass features with the highest contribution to PCl for 
datasets I and 2 are shown in Fig. I (c) and (d), respectively. In 
dataset l, cwo of the 10 mass features with negative PCl values 
(corresponding to a higher abundance in SnToxA 48 and 72 h 
wheat extracts) belong to rhe putatively identified 2-0-~-o-gluco-
pyranosyloxy-4, 7 -dimechoxy-(2H)- l ,4-benzoxazin-3 ( 4H)-one 
(HMDBOA-glc). Four of the 10 features with positive PCl val-
ues (co rresponding to lower abundance in SnToxA 48 and 72 h 
wheat extracts) belong to the putatively identified 2-~~-o-gluco-
pyranosyloxy-4-hydroxy-7-(2H)-methoxy-l ,4-benzoxazin-3( 4H) 
-one (DIMBOA-glc; Fig. le). The remaining mass features in 
PC1 28.41% PC1 25.68% lc olorby Trebtmert 
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Fig. 1 Principal component analysis (PCA) of 
LC-MS metabolite profiling data of SnToxA-
infiltrated wheat (Triticum aestivum). PCA of 
LC-MS data collected in positive (a) and 
negative mode (b) electrospray ionization 
and the corresponding factor loadings 
illustrating the 20 metabolites with the 
highest contribution to the variation in 
principal component 1 (PC1) in each dataset 
(c and d, respectively) . DIMBOA-glc, 2-0-~-
o-glucopyranosyloxy-4-hydroxy-7 -(2 H)-
methoxy-1,4-benzoxazin-3 ( 4H)-o ne; 
MBOA, 6-methoxy-2-benzoxazolinone. 
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chis lisc were unidentified. T he 20 mecabolires wirh the highest 
contri bution t0 the variation between controls and Sn ToxA-infil-
crated wheat in dataset 2 were unable ro be assigned putative 
identifications (Fig. Id). 
In order to sra ti sricc1.l ly validate the abu ndance changes identi -
fied in the PCA, univariate and mulrivariate statistical analyses 
were performed on the datasets; a representative table is presented 
in Table SI. Statistical ana lysis identified 88 and 111 mass fea-
tures robe significantly a.!rered in SnTox.A-infiltrated wheat rela-
tive to the control in datasets I and 2, respectively (P< 0.05). 
The MassHuncer formula generator algor ithm and accurate mass 
information were used ro genera te empi ri caJ formulas for a subset 
of the peaks of interest using the abu ndances of carbon isoropes 
present in the molecular ion. Putative metabolite identifications 
were established by searching these empiri cal formulas agai nst the 
publicly avai lable MassBank, ReSpect and METLIN online 
m etabolite darabases. 
Two compo unds of interest identified were the monoamine 
serot0 nin (5-hydroxyrryptamin e) and th e benzoxaz.inoid MBOA, 
which were both significantly more abu ndant (P=4.S x 10- 11 
and 1.9 x 10- •, respectively) in SnToxA-infiltrated wheat at 48 
and 72 hp i (Fig. 2a,b). Pure standards were used to confi rm the 
putative identifications using tandem mass spectromet ry rn 
obrain MS/MS fragmentation spectra of the molecular ions 
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Fig. 2 Identification of significant increases ,n abundance of serotonin and 6-methoxy-2-benzoxazolinone (MBOA) in SnToxA-infiltrated wheat (Tnlicum 
aeslivum). (a. b) Extracted ion chromatogram (EiC) of m/z 177 .1021 showing significant increase of putative serotonin (a) and m/z 166.0498 showing 
significant increase of putative MBOA (b) m four replicates of wheat infiltrated with SnToxA (red) or water (blue) (P < 0.0CX)1). The insets show the mass 
spectra of these features. (c- f) Putative identifications were confirmed by obtaining MS/ MS fragmentation spectra of putative serotonin (c) and MBOA (d) 
identical to the purchased standards (e and f. respectively). 
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(Fig. 2c-f). Serotonin and MBOA are both synthesized via the 
tryptophan pathway (Fig. 3a) and a number of the intermediates 
and derivatives of these metabolites were also significandy altered 
in abundance in response co SnToxA. The serotonin precursors 
crypcophan and rrypramine were significantly more abundant in 
Sn ToxA- infilcrated wheat in addition to the two derivatives, feru-
loylcrypcamine and feruloylserotonin (Fig. 3b). Similarly, the two 
MBOA precursors, DIMBOA-glc and HMDBOA-glc, were also 
altered in abundance following SnToxA infiltration. The former 
decreased in abundance and the latter increased, indicating that 
resecves of DIMBOA-glc are being degraded and converted into 
the active aglycone (Fig. 3c). No other significant changes in 
other indole compounds were observed. 
(a) 
Serotonin inhibits sporulation of S. nodorum in vitro, while 
M BOA significantly reduces fungal growth and inhibits 
spore germ ination 
Given the increasing abundances of serotonin and MBOA, we 
questioned whether these compounds would affecc fungal 
growch . To do chis, MM places concaining various concentrations 
of serotonin and MBOA were inoculated with S. nodorum 
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Fig. 3 SnToxA infiltration leads to the induction of the tryptophan pathway in wheat (Triticum aestivum). (a) A simplified pathway showing the synthesis 
of 6-methoxy-2-benzoxazolinone (MBOA) and serotonin via the tryptophan metabolic pathway in plants. (b) The abundance of serotonin and derivatives 
increase in SnToxA-infi ltrated wheat at 48 and 72 h. The abundance of these metabolites in water-infiltrated controls was below the limits of detection of 
the data-mining algorithms used . (c) 2-0 -P-o-G!ucopyranosy1oxy-4-hydroxy-7-(2H)-methoxy-1,4-benzoxazin-3(4H)-one (DIMBOA-glc) decreases 
significantly(*, P< 0.05; **, P < 0.01) in SnToxA-infiltrated wheat at 48 and 72 h while 2-0 -P-o-glucopyranosyloxyA,7-dimethoxy-(2H)-1,4-benzoxazin-
3(4H)-one (HMDBOA) and MBOA increased significantly. Error bars represent the SEM metabolite abundance at each time point (n = 3). 
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(Fig. 4a and b respecrively). Measurements of mycelial growth 
raken over a 2 wk period ind ica ted that seroro nin had no effect 
on fungal vegeracive growth at 0.1, 1 or 3 mM at 2 wk (Fig. 4c). 
In rhe presence of IO mM serotonin, rad ial growth progressed ar 
a slower rare and by 2 wk had al most ceased complecely. 
Subsequent spore counts at 2 wk posrinoculacion demonsrrared 
rha r seroto nin signi ficantly inhibited in vitro spo rula tio n 
(!'< 0.05) at 0.1 , 1 and 3 m M , with u p co 50-fold fewe r spores 
than controls (Fig. 4e). Ar IO m M serotonin, the spore concen-
rracion was too low ro cou nt. 
T he add ition of M BOA co MM places correla ted wi th a signif-
icandy reduced growth o f S. nodorum (F ig. 4b). Radial measu re-
ments of fungal growth fou nd a signi fi cant(!' < 0. 00 ]) red uction 
ar 0.3 and I mM ac l 4-20 dp i; however, there was no significa nt 
inhibition at 0. 1 m M M BOA (Fig. 4d). Fu rthermore, at 3 m M 
MBOA, spore germ ination was complerely inhibited. No sporu-
larion was obse rved in the presence or absence of any of the [es ted 
concentrations of M BOA o r rhe control by 20 d; this was a resu lt 
of the 1.6% final co ncentra ti on of ethanol presenc in the MM 
required to d issolve the com pound. Such concentrations of etha-
nol have previously been observed in ou r laboraro ry ro impai r 
sporulation. 
(a) 
The concentrations of serotonin demonstrated to inhibit 
sporulation of 5. nodorum in vitro are com parable to those 
present in infected tissue 
T he abu ndance of seroton in significa ndy increased in SnToxA-
infi lcra ted wheat and chis compou nd was subsequently found ro 
stro ngly inh ibi t sporulacion of S. nodorum when added to the 
growth media. Before exam in ing the activity of seroto nin 
in plama, we determined whether the plane prod uces seroto nin 
duri ng an in fect ion and how this compa res to the amounts that 
accum ulate if we apply exogenous serotonin to detached leaves. 
D etached leaf assays (DLAs) and LC-M S were uti lized co mea-
su re the relative co ncentratio ns of seroto ni n in leaves ar 72 hpi. 
T he resul ts co nfi rmed chat seroton in does in fact accum ula te dur-
ing an infectio n and were compa rable to the amoun t accumu-
lated in leaves at 72 h after exogenous application of 1 m M 
sero ton in (Fig. 52) . 
Seroton in inhibits sporu lation of 5. nodorum in planta 
Derached leaf assays (DLAs) were used co assess the effect of sero-
co nin on the pathogenicity of S. nodomm. D etached leaves were 
(b) 
Control 0.1 mM 1 mM 
Fig. 4 Growth and sporulation assays of 
Slagonospora nodorum with exogenous 
sero tonin and 6-methoxy-2-
benzoxazolinone (MBOA) in vitro . (a, b) 
Photographs illustrating mycelial growth of 
S. nodorum grown for 2 wk on minimal 
media (MM) containing a range of 
concentrations of serotonin (a) or MBOA (b). 
(c. d) Radial growth measurements of 
S. nodorum grown on various concentrations 
of serotonin (c) or MBOA (d). Error bars 
represent the SEM at each time point (n = 3) . 
(e) Spore counts of 5. nodorum isolated from 
serotonin plates at 2 wk postinoculation 
showing significant inhibition of sporulation 
from 0 .1 mM (P < 0.001). Error bars 
represent the SEM at each concentration 
(n -" 3). letters A-C represent significant 
differences. 
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placed i-n agar containing 0.1, 0.3, 1 and 3 mM serotonin and 
the leaves were inoculated with a S. nodorum spore suspension. 
Two weeks after inoculation, there was no discernible difference 
in lesion development in the presence or absence of serotonin 
(Fig. 5a- f). The infected leaves were then used to determine the 
effect of serotonin on sporulation in vivo. When observed under 
a dissecting microscope, rhe numbers of pycnidia on control 
leaves and leaves in the presence of serotonin were similar 
(Fig. 5g-k). On control leaves and at 0.1 and 0.3 mM serotonin, 
the cirrhus containing pink pycnidospores can clearly be seen 
emerging from the pycnidia on the surface of the leaf (Fig. Sg-i). 
However, at 1 and 3 mM serotonin pycnidia seem ro remain 
beneath the leaf surface and all cirrhus appears clear in colour 
(Fig. 5j-k). Subsequent counting of the pycnidiospores revealed 
that serotonin significantly impaired the ability of 5. nodorum to 
produce pycnidiospores from 0.3 mM (P<0.005; Fig. 51). A 12-
fold inhibition of sporulation was observed at 1 and 3 mM 
serotonin, confirming that exogenous serotonin also impairs 
sporulation in planta. A comparable analysis with 1V1BOA 
revealed that it had no effect on the asexual development of 
S. nodorum in planta (Fig. S3). 
Serotonin impairs the maturation of pycnidia 
Exposure of S. nodorum to serotonin revealed that whilst the 
numbers of pycnidia were unaffected, there were significantly 
fewer pycnidiospores produced. To better understand this pheno-
type, we performed cryosectioning and microscopy of the pyc-
nidial structures formed on MM plates. Pycnidia of S. nodorum 
that formed on control plates appeared normal in size and 
New 
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structure and contained mature pycnidiospores (Fig. 6a). By con-
trast, pycnidia from plates containing 0.3 or 1 mM serotonin 
were strikingly differenr, with a number of pycnidia containing 
no visible mature spores. The pycnidial wall and subparietal layer 
were evident; however, the pycnidial cavity was devoid of both 
spores and conidiogenesis cells, suggesting that serotonin specifi-
cally blocks the maturation of the pycnidia at a distinct stage 
subsequent to the formation of the pycnidial wall. It is significant 
to note that many of the pycnidia examined microscopically 
demonstrated this phenotype in the presence of serotonin 
(Fig. 6b,c) . 
Metabolites previously associated with sporulation are 
affected by serotonin exposure 
Gas chromatography-mass spectrometry metabolite profiling has 
previously been utilized to investigate sporulation mutants of 
S. nodorum and has established the essential role of specific 
prima1y metabolic pathways in asexual sporularion (Solomon 
eta!., 2006c; Lowe eta!., 2009). Consequently, we performed 
unra rgeted metabolite profi ling to determine whether changes in 
primary metabolism were contributing to the inability of S. 
nodorum to differentiate in the presence of serotonin. GC-MS 
was used to analyse polar metabol ites extracted from wild-type 
S. nodorum grown for 2 wk on MM containing 0.3 or 1 mM 
serotonin, concencrations previously found to significantly 
inhibit sporulation in vitro and in vivo. 
Principal component analysis was used to discover trends 
within the dataset and provide a means to observe the quality of 
dara obtained from biological replicates (Fig. 7a). The replicates 
(a) Control (b) 0.1 mM (c) 0.3 mM (e) 1 mM (I) 3 mM 
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Fig. 5 Effect of serotonin on sporulation Of 
Stagonospora nodorum in vitro. (a- f) 
Detached leaf assays (DLAs) showing 
S. nodorum-inocu lated leaf sections placed in 
agar containing illustrated concentrations of 
serotonin. (g- k) Microscopy ( x 10) showing 
phenotypic differences in pycnidial structures 
and exuding pink cirrhus containing 
pycnidiospores at various concentrations of 
serotonin. (I) Spore counts of S. nodorum 
isolated from DLAs 2 wk postinoculation 
show significant inhibition of sporulation 
from 0.3 mM (P < 0.005). Error bars 
represent the SEM at each concentration 
(n = 3) . P, pycnidium; C, cirrhus. Letters A-C 
represent significant differences. 
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Fig. 6 Microscopy reveals that serotonin 
disrupts spore formation within the pycnld ial 
structures. (a- c) Light microscopy of agar 
cross -sections illustrating pycnidia of 
Stagonospora nodorum grown on minimal 
media (a) and media supplemented with 
0.3 mM (b) and 1 mM serotonin (c). W, 
pycnidial wall; C, cirrh us; S, spore; SL. 
subparietal layer. 
oF the contro l (group I) and the replicates oF the pathogen with 
serotonin (group 2) were clearly separated by PC ! , which 
explained 68% oF the variance. PC2 accounted for 12% oF che 
variance between sa mples and ca n be explained by natural biolog-
ical variation between the replicates. Facro r loadings of PCl 
revealed rrehalose to be the pri ncipal metabolite responsib le for 
rhe nega tive variation in PC 1, correspond ing to a decrease of chis 
metabolite in S. nodorum grown in the presence of sero mnin 
(Fig. 7b). The largest positive focrot loadin gs for PC! were fruc-
mse, pyroglutam::ite and alternariol. These metabolite changes are 
clearly demonscra ted by che raw chromacograms (Fig. 7c) . Multi-
variate sta tist ical analysis revealed rhe abu ndance of 56 o f the 187 
mecabolites de rected to be significanrly di fferent (P< 0.05) in 
serotonin sa mpl es relative co rhe control (Ta ble I) . Of th ese, 32 
were identifi ed with the N IST08 lib rary or the Gohn M etabolo-
me Database and confirm ed with in-ho use databases. T wo-thirds 
of the 56 significant metaboli tes were mo re abundant in fungus 
grown in the presence of seroron in. Ir was sign ifica nt ro note chat 
mannitol co ncencracions, a metabolite crucial for S. nodorum 
sporulation, were unaffected. 
Central carbon metabolism of S. nodorum is significantly 
disrupted by MBOA 
\Ve found that MBOA sign ifica ncly inh ibited mycelial growch oF 
S. nodorum in vitro and, furthermore, com pletely inh ibited 
germination of spores at 3 m1'v1. T he mechanism beh ind chis 
inhibition of growth is unknown; therefore we performed GC-
MS metabolite profi ling to idencify changes in primary metabo-
lism induced by MBOA thac may cause this phenotype. Metabo-
lites were ex cracred from wild-rype S. nodorum grown for 2 wk 
on MM containing 0.1. 0.3 and I mM MBOA. Subsequent 
PCA analysis of che d::ita reveaJed char rhe samples fel l into two 
distinct clusters separated by PCl , which expla ined 56% of che 
var iation in rhe daraser. Group l contained rhe control and 
0.1 mM MBOA samples and group 2 contained 0.3 and I mM 
MBOA samples (Fig. S4a). These rwo groups are consistent with 
the phenorype observed and che measured radial growth, which 
showed no significant difference between controls ::ind 5. 
11odorum grown on 0.1 mM MBOA. Factor loadings oF PC! 
reveaJed increased abu ndances of several key pr imary metabolites 
(e.g. sucrose, fructose, glucose and mannirol) in the MBOA sam-
ples, likely robe indicative of the arrested growth phenorype and 
the inability to use these glycolyt ic precursors (Fig. S4b). 
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ANOVA revealed the abundance oF 63 oF the 234 mecabolites 
detected , which were sign ifi ca ndy d ifferent (P< 0.05) ac ross 
treatments. Of these, 25 were identified with a match to the 
NIST08 library or the Golin Metabolome Database and co n-
firm ed with in-house dacabases (Table 2). Approximately two-
th irds of the 63 signifi cant metabo lites were more abu ndanr in 5. 
nodomm grown in the presence of MBOA. 
The pattern of serotonin accumulation differs in the 
presence of multiple effector-susceptibility gene 
interactions 
This research has demonstrated that wheat leaves infiltrated with 
SnToxA produce a number of plam secondary metabolites char 
inhibit the growth or sporulation of S. nodorum. LC-MS analysis 
oF S. nodorum-i nFecced plants harbouring only the Tsn I suscepci-
bil iry gene (cv BG261) demo nst rated char concentrat ions o f sero-
tonin in infected leaves were comparable to the concentracions 
found to inhibit spo rulation in vivo. This raises the question of 
whether this case remains in cultivars with multiple susceptibili ty 
genes (cv G randin) during an infection with 5. noclomm wild-type 
SN15, which produces a range of infecro rs, including SnToxA, 
SnTox l , SnTox2 and SnTox3. We performed LC-MS analysis oF 
Sn ToxA-i nfi.lrrared and 5. nodorum-infected T nestivum cv 
BG261 harbouring only the Tsnl susceptibili ty gene. Infiltrated 
ti ssue was harves ted at 72 hpi wh ile infected ti ssue was collected 
7 dp i, ar which rime comparab le symproms to SnToxA infilt ra-
tion had developed . There was no significa nt d ifference in the 
::ibundance of seroton in in BG26 l leaves when either infiltrated 
with the purified SnToxA protein or infected with the pathogen 
(the only inreractjo n here SnToxA-Tml). In add it ion ro chis, we 
repeated th is comparison using the cv Grandin. Un like BG26 1, 
which only harbours Tsn l, Grandin is known to carry multiple 
dominant sensiriviry loci, including Snn2 (S nTox2), Snn3 
(S nTox3) and Tsnl (SnToxA) (Li u eta!., 2006, 2009, 20 12). As 
expected, the concentration of seroton in in SnToxA-infi.lr rated 
Grandi n (S nToxA- Tsnl) was comparable to that decected in rhe 
BG261 analyses, showing no d ifference in accumulation ofSnT-
oxA- induced seroro nin in these two cultivars (F ig. 8). By con-
trast, serotonin concentrations were I 0-fold lower in Gr::indin 
when infected with 5. nodorum (mulciple effectors, mul t iple sus-
ceptibility genes). Concentrations of fendoylseroronin fol lowed 
the sa me trend and were sign ificanrly less abundant in infected 
Grand in and BG261 than in SnToxA-infi ltrated wheat 
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Fig. 7 Metabolite profi ling of changes in 
fungal metabolism induced by growth of 
Stagonospora nodorum on serotonin. (a) 
Principal component analysis (PCA) score 
plot of metabolic changes of S. nodorum 
grown on minimal media (control; squares) 
and supplemented with 0.3 mM (diamonds) 
and 1 mM (circles) serotonin . (b) Factor 
loadings of the 15 compounds with the 
highest contribution to the variation 
described by principal component 1 (PC1) 
labelled by retention time_reten tion 
index_name. (c) Representative to tal ion 
chromatograms of extracts from S. nodorum 
grown on minimal media and 1 mM 
serotonin. The four compounds with the 
higliest influence on PC1 are labelled . The 
inset shows the absence of alternarlol in 
con trol samples. 
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(P<0.001; Fig. S5a). Feruloylt ryptamine was only present in SnT-
ox.A-infiltrated cultivars and completely absent in infected lines 
(Fig. 55b). Metabolite profiling ofSnTox3-infiltrated BG220 (har-
bouring the SnTox3 suscepribiliry gene Snn3) reveaJed no increase 
in serotonin or rhe derivatives mentioned over rhe same rime 
course spanning infiltration ro the onset of necrosis. 
Discussion 
SnToxA induces the accumulation of tryptophan-derived 
plant secondary metabol.ites 
Here we report che novel finding that the effector SnToxA 
causes an increase in mecabol ices derived from che cryprophan 
metabolic pathway of whea t. One pathway branching from 
rrypcophan metabolism chat was up-regulated following SnT-
oxA infilcracion was the production of serotonin. We discov-
ered an increase in cryptophan, trypramine, serotonin and the 
two hydroxamic acid amides (HCAAs) feruloyltryptamine and 
feruloylseroronin after SnToxA infiltration. Supporting chis 
result are previously published transcriptomic data revealing 
that several transcripts encoding enzymes involved in serotonin 
synthesis in plants, including anrhranilate synthase, anthranilate 
phosphoribosyltransferase and tryptophan decarboxylase, are 
New Phyrologist (:!013) 
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signi ficantly up-regulated upon PtrToxA trea tm ent (Pandelova 
eta/., 2009). Another significant result of this study of SnTox-
A-infi lrrated wheat was the change in abundance of three ben-
zoxazinoid compounds that are also closely associated with 
rryprophan metabolism, sharing the precurso r indole (Fig. 3). 
A novel effect of serotonin in the inhibition of sporulation 
W hile the ro le of serotonin in mammals as a neurotransmitter 
has been well established (Berger er al., 2009) , the role o f this 
mo noamine in plants is less we ll defi ned. Serotoni n has been 
ident ified in 42 plant species, including wheat (Roshchina, 
2001 ), and has been reported to have roles in flowe ri ng, senes-
cence, plant g rowth regulation and defence responses; however, 
these are not well defined (Odjakova & H adjiivanova, 1997; 
Roshchina, 2001; [shihara eta/., 2008; Kang eta/. , 2009) . Since 
the initial detection of serotonin in wheat, there have been no 
reports describing the presence or activity of serotonin in wheat. 
Cons istent with recent studies, our data showed that SnToxA 
induces a plant defence response through th e accumulation of 
metabolites rypically associated with antimicrobial act ivity. 1r was 
unclea r, t:hough , whether the accumula tion of serotonin was part 
of chis response, as no signi fica nt anrimicrobial act ivity has been 
previously reported. To determine this, we investiga ted the effect 
© 2013 The Author~ 
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Table 1 List of fungal metabolites with significant abundance changes In response to serotonin 
RT _Rl_8P _Metabolite ID Control ± SE 0.3 mM serotonin ± SE 
10.18_ 1092_ 174_Unknown 22.3 1 ±4.15 12.01 ± 3.20 
10.2_ 1093_L-Alanlne 19.84 ± 1.65 20.82 ± 8.90 
10 .23_ 1094_ 174_Unknown 17.95 ± 6.17 10.82 ± 4 .78 
11 .26_ 1128_ 130_Unknown 23.38 ± 7.49 18.20 ± 7.82 
13.68_ 1211 _ 144_L-Valine 2.42 ± 1.00 12 .63 ± 1.79 
14.89_ 1260_ 132_L-Serine 2.90± 0.73 6.72 ± 0.50 
15.05_ 1266_ 174_Unknown 8.67 ± 1.15 28.35 ± 2.39 
15.35_ 1278_ 147 _Glycerol 2.86 ± 0.83 27.29 ± 7.99 
15.86_ 1299_ 117 _L-Threonine 3.38 ±0.29 9.05 ± 0 .76 
16.08_ 1308_ 174_Glycine 0.00±0.00 8.67 ± 1.00 
16.44_ 1323_75_Succinate 4.78 ± 2.01 14.44 ± 2.75 
18.15_ 1392_218_L-Th reon ine 3.11 ±0.89 11.14 ± 1.65 
19.1_ 1431_ 160_Unknown 9.08 ± 0.74 6.04 ± 0.50 
20.04_ 1469_281_Unknown 6.16±1.71 0.00 ± 0.00 
20.85_ 1502_ 191 _Unknown 16.93 ± 2.99 12.87 ± 0.92 
20.93_ 1507 _217 _Erythritol 4.70 ± 0.82 9.55 ± 1.53 
21 .24_ 1524_ 156_Pyroglutamic acid 40.06±2.27 117.68 ± 9.52 
21 .39_ 1532_ 174_ 4-Aminobutyric acid 0.00±0.00 4.00 ± 0.71 
21.54_ 1540_84_N-Acetylglutamic acid 19.89 ± 2.46 30.50 ± 1.66 
22.42_ 1588_ 129_Unknown 0.00 ±0.00 4.10 ± 0.3 1 
22 .92_ 1616_21 1_Unknown 0.00±0.00 5.55 ± 1.81 
22 .94_ 1617 _211_Unknown 0.00±0.00 5.49 ± 1.81 
23.49_ 1647 _355_ 4 -H ydroxybenzoic acid 4.31 ± 1.17 0.00 ± 0.00 
24.15_ 1683_ 103_Unknown 4.12 ±0.45 0.00 ±0.00 
24.34_ 1693_ 116_L-Asparagine 0 .00±0.00 1.55 ± 0.46 
24.87 _ 1723_275_Unknown 0.00±0.00 2.18 ± 0.36 
25.23_ 1742_217 _Manni tol 132.1 ± 24.0 171.57 ± 21.62 
25 .86_ 1777 _ 174_0rnithine 0.00±0.00 14.85 ± 2.47 
26.33_ 1803_ 156_L-Glulamine 0.00±0.00 22.68 ± 6.28 
26.44_ 1809_429_Unknown 2.09 ± 0.72 0.00 ± 0.00 
26.8_ 1829_217 _Unknown 0.00 ± 0.00 8.40 ± 2.93 
27 .07 _ 1843_ 142_0rnithine 0.00 ± 0.00 22.96 ± 2.00 
27.13_ 1847 _273_Citric acid 53.58 ± 6.03 48.34 ± 4.71 
27.36_ 1859_217 _U nknow n 0.00 ± 0.00 7.89 ± 1.08 
27.75_ 1881 _ 174_Unknown 0.00 ± 0.00 6.15 ± 1.01 
28.03_ 1896_ 103_Fructose methoxyamlne 93 .76 ± 24.4 172 .98 ± 11.60 
28.21_ 19D6_ 103_Fructose methoxyamine 80.99 ± 21.7 158.83 ± 10.60 
28.46_ 1919_319_Glucose methoxyamine 84.38 ± 6.42 133.13 ±22.10 
28. 78_ 1937 _319 _Gaiactose methoxyamine 29.26 ± 3.26 67 .88 ± 11.34 
28.95_ 1947 _ 174_L-Lysine 0 .00 ± 0.00 11.48 ± 0 .82 
29.57 _ 1980_217 _Unknown 0.00±0.00 1.75 ± 0.51 
29.67 _ 1986_72_Unknown 0.00 ± 0.00 9.22 ± 0.61 
29.98_2003_204_Unknown 0 .00 ± 0.00 6.09 ± 1.74 
30. 69 _2042 _318_myo-l nositol 7.40 ± 0.95 2 .10 ± 0.30 
31 .21 _2070_313_Hexadecanoic acid 0.00 ± 0.00 2.74 ± 0.29 
31 .69_2096_318_myo-lnositol 15.58 ± 1.80 5.33 ± 0.35 
33 56_2199_319_Unknown 2.01 ± 0.69 0.00 ± 0.00 
34 .3_2253_75_0ctadecanoic acid 0 .00 ± 0.00 3.34 ± 0.46 
35 .23_2320_387 _Glucose-6-phosphate 2.56 ± 0.42 2.00 ± 0.17 
methoxyamine 
35.48_2339_204_Unknown 14.59 ± 1.93 7.27 ± 1.18 
37 .81 _2509_ 446_Unknown 0.00 ± 0 .00 3.31 ± 0 .64 
38.41 _2553_387 _Unknown 0.00 ± 0.00 2.87 ± 0.26 
40 2_2683_217 _Unknown 2.09 ± 0.86 6.44 ± 0.66 
40.9_2734_361 _ Trehalose 168 .0 ± 37 .0 106.18 ± 11 .68 
41 .05_2745_217 _Unknown 0.00 ± 0.00 3.39 ± 0 .87 
41.48_2776_217 _Unknown 3.11 ± 0.97 1.10 ± 0 .51 
41.58_2784_318_Unknown 1.96 ± 0.70 0.00 ± 0.00 
42 .89_2895_204_Unknown 15.08 ± 2.69 10.14 ± 1.02 
43 .67 _2963_ 459_Alternariol 3.78 ± 0.96 86.32 ± 9.34 
46.78_3237 _363_Ergosterol 47.58 ± 3.81 27.60 ± 4.60 
47.4_3298_? _Unknown 3.48 ± 0.82 1.73 ± 0.35 
8.4_? _228_Unknown 4.04 ± 1.24 2.78 ± 1.16 
9 .78_ 1079_ 117 _Unknown 6.56 ± 1.71 4.32 ± 1.82 
1 mM serotonin ± SE 
14.39 ± 0.98 
26.46 ± 3.34 
0.00 ± 0 .00 
0.00 ± 0.00 
9.25 ± 1.47 
4 .04 ± 1.11 
24.41 ± 5.42 
6.61 ± 2.24 
5.23 ± 1.10 
6.90 ± 2.04 
12 .85 ± 2.26 
6.90 ± 1.31 
2.98 ± 1.07 
5.22 ± 2.50 
8.41 ± 1.03 
7.08 ± 1.21 
108.07 ± 22.49 
1.89 ± 0.90 
23.39 ± 5.65 
3.46 ± 0.49 
0.00 ± 0.00 
0.00 ± 0.00 
3.66 ± 1.76 
0.00 ± 0.00 
1.05 ± 0.50 
1.38 ± 0.56 
166.59 ± 27.34 
10.56 ± 2.45 
18.73 ± 5 .80 
2.13 ± 1.23 
9.11 ± 2.76 
17.04 ± 3.60 
38.37 ± 6.81 
3.43 ± 1.09 
4.34 ± 0.61 
174 .17 ± 14.85 
159.67 ± 12.53 
129.33 ± 13.21 
64.22 ± 6.94 
8.91 ± 2.61 
1.45 ± 0.42 
6.24 ± 2.07 
4.52 ± 1.43 
1.59 ± 0.32 
0.00 ± 0.00 
4.11 ± 0.59 
0.00 ± 0 .00 
2.00 ± 0.84 
0.65 ± 0.27 
5.07 ± 1.01 
2.42 ± 0.44 
1.87 ± 0 .27 
5.98 ± 1.21 
74 .90 ± 10.46 
2.52 ± 0 .78 
0.00 ± 0.00 
0.00 ± 0.00 
6.78 ± 1.21 
56.66 ± 10.36 
21 .30 ± 6.40 
0.00 ± 0.00 
0.00 ± 0 .00 
0.00 ± 0.00 
Bold values represent a significant difference from the controls (P < 0 .05). Metabolites are annotated as retention time_retent1on index_base peak_metabo· 
lite ID. 
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of serotonin on rhe growth of 5. nodorum and establishment of 
disease. Serotonin showed no significanc inhibition of fungal 
growth at 3 mM, bur strongly inhibited asexual sporula tion 
in vitro and in vivo at concentrations as low as 0. 1 mM. Further-
more, microscopy of pycnidia form ed in the presence of seroto-
nin revealed pycnidial structures devoid of spores, indicating a 
d isruption in spore fo rmation or matura tion. The asexual spo ru-
lation of S. nodorum in vitro is identical to asexual sporulati on 
occurring on the leaf (Solomon eta!. , 200Gb,c). Weak activity of 
serotonin against Aspergillus spp . has been reported; however, 
concentratio ns above lO mM were required fo r acciviry 
(Lass-Flori eta!., 2003) . Serotonin had no significant effect on 
germination of conidia or fungal growth of Bipolttris orywe at 
3 mM (Ishihara et al., 2008) . To the best of our knowledge, we 
report for che first time the significant inhibition of fungal spo ru-
lation by seroronin. Based on our research, serotonin meets the 
accepted criteria of a phytoalexin as defined by a low-molecular-
weight, antimicrobial compound which is synthesized by, and 
accumulates in the plane after, exposure to a microorganism 
(Paxton, 1981). T herefore, we report the discovery of seroronin 
as a novel phycoa lcx in in wheat. 
Serotonin interferes with trehalose synthesis and induces 
mycotoxin production in 5. nodorum 
Previous studies by ou r laboratory and collaboracors have demon-
strated the critical nature of specific primaLy metabolic pathways 
for asexual development in S. nodorum (Solomon et al., 2006c; 
Lowe eta!., 2009; Tan eta!., 2009b). Co nsequently, we under-
took GC-MS metabolite profiling of S. nodorum grown in the 
presence of seroron in co characterize the described sporulat ion 
defect. Trehalose was the most significant compound tha t was less 
abundant in the S. nodomm grown in the presence of serotoni n. 
[ncerestingly, trehalose has previously been shown co be important 
for sporulacion of S. nodorum (Lowe et al., 2009). The crehalose-
deficient trehalose G-phosphate synthase (tpsl) mutant was charac-
terized by poor les io n development, reduced sporularion in vitro 
and in vivo with indications that pycnidia formatio n was arrested 
at an early developmental stage. T his resembles the observations 
made in the cu rrenr study, where seroroni n inhibited spore for ma-
tion and maturation within the pycnidia. The specific ro le of 
trehalose in fungi is not well established, but several reports sug-
gest chat trehalose is required for full pathogenicity in addition to 
coping with heat and oxidative stress (Fi llinger et al., 200 l; Foster 
eta!., 2003 ; Doehlemann eta!., 2006; Lowe eta!., 2009). In the 
currenc study, we attempted co complement the sporulation defect 
with rrehalose supplementation, but we fou nd no significant effecr 
(data not shown). Ir is unknown whether 5. nodomm possesses a.n 
acid trehalase capable of trehalose import and therefore utilization 
of exogenous crehalose (Lowe, 2006). 
One of the compounds significantly more abundant in 
S. 11odorum grown in the presence of serotoni n was the mycoroxin 
al rernariol. AJcernariol was first identified in the fungal genus 
Alternaria (Scott, 200 l) and has been associated wich oesophageal 
cancer {Liu et al., 1992) and a num ber of other mutagenic and 
toxic activities (Brugger et al., 2006; Lehmann et al., 2006; 
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Pfe iffer eta!., 2007). It was first discovered in 5. nodorum in a 
short-chain dehydrogenase (Sehl) mmant, which , interestingly, is 
defective in asexual sporu larion in a si mihr manner co 5. nodorum 
grown on seroton in (Tan et al., 2009a). T he current srudy 
strengthens evidence for a connection between chis mycotoxin 
and fungal sporu!ation. Ir is well known that an imporrant link 
exists between secondary metabolism and sporulacion in a number 
of fungi (Adams & Yu, 1998). Th.is link is yet to be established in 
S. nodorum, bur the consis tent presence of alcernariol in indepen-
dent sporulacion-impai red mutanrs (T an eta!., 2009b; lpcho 
et al., 20 l 0) implies it has a role in asexual development. 
The benzoxazinoid metabolites induced by SnToxA have 
signifi cant antifungal activity against S. nodorum 
The current study identified significant changes in the abundance 
o f several benzoxazi noids. Benzoxazinoids are present in a num-
ber of cereals, are involved in alleopathy a.nd resista nce to insects 
and have been implicated in defence agains t various fungal patho-
gens on numerous occasions over recent decades (Elnaghy & 
Shaw, l 966; Couture et al., 197 l; Long et al., I 978; Bucker & 
Grambow, 1990) . Benzoxazinoids are phycoanticipans sco red in 
the vacuoles of plants in their inactive glucosi de form , an d upon 
ti ssue d isruption, contact with ~-glucosidases converts these com-
pounds to rhe biocidal aglycone (Du Fall & Solomon , 20 12). 
These compou nds are therefore part icularly relevant in defence 
against necrotrophic pathogens, for which tissue disruption and 
host cell death are a prerequisite to establishing a successful infec-
tion. The current study identified the reduction of DIMBOA-glc 
and increase in HMDBOA-glc and MBOA after SnToxA infil-
tration of wheat, suggesting uti lizat ion and activa tion of scored 
benzoxazinoids as part of a defence response {Gram bow et al., 
1986; Oikawa et al., 2004). le was also established chat MBOA 
significandy inhibited fungal growth of S. nodornm by GO% at 
0.3 m1\1, and co mp!ecely inhibited spo re germination at 3 mM. 
Benzoxazi noids have been shown to demo nstrate antifungal activ-
ity against S. nodorum (Baker & Smid1, 1977), but this is the first 
report to our knowledge of the complete inhibition of spore ger-
mination. Q uantification of benzoxazi noids in p lanes has deter-
mined rhe concentrations of these compounds to be 200-
500 ftg g _ , of FW in wheat and maize seedlings and 0. 15 mM in 
apoplascic Auid extracted from maize (Garcia eta!., 1998; Ahmad 
eta!., 2011). The concen trations of MBOA used in the current 
study of 0.1 - 3 mM are therefore within a range that the plant is 
capable of accumulating. 
In the current srudy, no d ifference was seen in rad iaJ growth or 
metabolism in the 5. nodorttm control or 0.1 mM MBOA sam-
ples; however, the 1 and 3 mM M BOA places showed significant 
changes in both respects. This suggests chat 5. nodorum is capable 
of detoxifying chis co mpound at co ncentrations as high as 
0.1 mM, bur concentrations beyond this become increasingly 
coxic. Certain fungal isolates, including Gaeumannomyces spp . 
and Fusarium spp., are capable of derox.ify ing and therefore to ler-
at ing certain concentrations of these benzoxazinoids (Friebe 
et al., 1998). Consistent wi th this idea was che brown d iscolor-
ation of agar surrounding 5. nodomm on places containi ng 
© 2013 The ,\ urhor~ 
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Table 2 list of fungal metabolites with significant abundance changes in response to 6-methoxy-2-benzoxazolinone (MBOA) 
RT _RI_BP _Metabolite ID Significance Control ± SE 0.1 mM ± SE 0.3mM ± SE 1mM ± SE 
14.53_ 1247 _ 11 O_Unknown .. 0 .00 ± 0 .00 0.00 ± 0 .00 7.60 ± 2.23 0 .00 ± 0 .00 
14 .72_ 1255_ 175_Unknown 0 .00 ± 0 .00 0.00 ± 0.00 0 .00 ± 0.00 4 .81 ± 2.41 
15.06_ 1269_ 174_Unknown * 8.56 ± 4.40 14.03 ± 1.03 22.46 ± 5.39 20.34 ± 5.56 
16.45 1325_191 Unknown . 10.48 ± 5.25 15.17 ± 0.53 11 .82 ± 7.81 0.00 ± 0 .00 
20 .77 _ 1498_217 _Threitol . 0.00 ± 0.00 0.00 ± 0.00 8.57 ± 0 .78 12.69 ± 6.47 
20.93_ 1507 _21 7 _Erythritol ... 0.00 ± 0 .00 0.00 ± 0 .00 13.45 ± 1.64 0 .00 ± 0.00 
22.43_ 1588_ 129_g-hydroxyglutaric acid * 0.00 ± 0.00 0.00 ± 0.00 0 .00 ± 0 .00 7.57 ± 3.96 
22.85_ 1611_ 188_Tryptamine * 0.00 ± 0 .00 0.00 ± 0 .00 0.00 ± 0 .00 3.42 ± 1.73 
24 .36_ 1693_ 116_L-Asparagine * 14.43 ± 10.58 31.95 I 3.91 18.08 ± 8.86 7.14 ± 4 .25 
24.89 1722_275_Unknown . 0.00 ± 0.00 6.15 ± 3.09 2.85 ± 1.43 0 .00 ± 0 .00 
25.25_ 1741_217 _Arabitol * 86.57 ± 58.04 112 .22 ± 6.76 127.17 ± 23 .90 165 .12 ± 69.20 
25.88 1776_174_0rnithin * 0 .00 ± 0 .00 0.00 ± 0.00 4.88 ± 2.53 0 .00 ± 0 .00 
26.31 1799_287 _Unknown .. 0.00 ± 0.00 10.60 ± 1.25 7.63 ± 1.62 5.47 ± 2.84 
26.46_ 1807 _299_Glyceric acid-3-phosphate * 0 .00 ± 0.00 0.00 ± 0 .00 4.19 ± 2.40 8.38 ± 4.21 
27.34_ 1855_231 Unknown * 0 .00 ± 0 .00 4.90 ± 2.47 0.00 ± 0.00 0 .00 ± 0.00 
27 .77 _ 1879_ 174_Unknown . 5.91 ± 2.96 11 .99 ± 1.64 8 .66 ± 4.38 0.00 ± 0.00 
28.04_ 1893_ 103_Fructose methoxyamine .. 55.94 ± 47.69 74.92 ± 28.92 133 .20 ± 28.77 178.18 ± 65.99 
28.22_ 1903_ 103_Fructose methoxyamine .. 45.39 ± 39 .03 65.45 ± 26.35 122 .96 ± 27.43 167 .00 ± 62 .15 
28.32 1908_331 _All antoin * 0.00 ± 0.00 20.83 ± 10. 75 16.52 ± 6.32 16.92 ± 13 .13 
28.47 _ 1917 _205_Galactose methoxyamine .. 92 .85 ± 26.14 118.34 ± 20.96 129.56 ± 44.69 172 .79 ± 55.89 
28.79_ 1934_319_Unknown * 19.97 ± 12.12 0.00 ± 0.00 0.00 ± 0.00 0 .00 ± 0 .00 
28.8_ 11935_319_Glucose methoxyamine .. 28.18 ± 14.33 51.95 ± 11 .01 62 .74 ± 23.43 104.18 ± 37.97 
28.99 1945_319_Mannitol * 225.88 ± 56.42 242.38 ± 25.01 244.83 ± 43 .97 273 .57 ± 79.86 
29.3_ 1978_218_L-Tyrosine .. 0.00 ± 0 .00 11.74 ± 1-78 6.16 ± 3.13 0 .00 ± 0 .00 
29 .92_2010_205 _ Glycerol * 0.00 ± 0.00 0.00 ± 0 .00 0.00 ± 0.00 5.59 ± 2.93 
30.44_2038_ 191_Unknown * 0.00 ± 0.00 0.00 ± 0 .00 4 .87 ± 2.49 O.OO oc 0 .00 
30. 71 _2050_318_Myo- inositol * 17.69 ± 4 .24 20.60 ± 2.78 12 .91 ± 1.49 8.38 ± 4 .21 
31 .39_2077 _289 Unknown .. 0.00 ± 0.00 0 .00 ± 0.00 22.03 ± 8.56 0 .00 ± 0 .00 
31.71_2128_305_Unknown .. 25.86 ± 4 .04 35.24 ± 3.58 20.69 ± 4 .67 16.61 ± 6.18 
33 .59_2203_319 Unknown * 0.00 ± 0 .00 0.00 ± 0.00 4.21 ± 2.11 15 .28 ± 7.91 
33 .9_2239_339_0ctadecanoic acid .. 5.91 ± 2.96 13.08 ± 2.57 8.84 ± 2 .17 0.00 ± 0 .00 
34 .22_2247 _ 188 Unknown ** 0.00 ± 0 .00 5.05 ± 0 .83 7.12 ± 2.62 0.00 ± 0.00 
35 .02_2314_267 _Unknown ... 0.00 ± 0 .00 0.00 ± 0.00 9.48 ± 0.78 0.00 ± 0 .00 
35 .09_2332_ 103_Fructose-6-phosphate methoxyamine * 0.00 ± 0.00 0.00 ± 0 .00 0.00 ± 0 .00 3.42 ± 1.73 
35 .5_2344_204_Unknown * 7.92 ± 3 .98 14 .30 ± 4 .39 19 .89 ± 5.58 38.35 ± 15.61 
35 .66_2369_217 _Unknown * 0.00 ± 0.00 0 .00 ± 0 .00 0 .00 ± 0.00 2 .97 ± 1.49 
36.22_2404_205_U nknown * 7.95 ± 4.06 0.00 ± 0 .00 0.00 ± 0 .00 0.00 ± 0.00 
36.22_2409_205_Unknown .. O.OO z 0.00 7.04 ± 0 .87 0.00 ± 0 .00 4.90 ± 2.68 
37 .63_2501_387 Unknown .. 0.00 ± 0.00 10.21 ± 1.52 9.18 ± 1.44 7.75 ± 3.88 
38.44_2601 _387 _Unk nown * 0.00 ± 0.00 0.00 ± 0 .00 0.00 ± 0 .00 13 .65 ± 6.90 
39.08_2608_204 Unknown * 0.00 ± 0.00 6.07 ± 3.36 0 .00 ± 0 .00 0.00 ± 0 .00 
39.58_2674_361 _Sucrose * 0.00 ± 0 .00 0.00 ± 0 .00 123 .95 ± 77.39 130.49 ± 40.01 
39.84_2674_204_Lactose ... 0 .00 ± 0.00 7.62 ± 0 .58 2.85 ± 1.43 0 .00 ± 0 .00 
40 .2_2689_217 _U nknown * 0 .00 ± 0 .00 0 .00 ± 0 .00 11 .01 ± 5.55 32.52 ± 19.07 
40.92_2769 _361 _ T rehalose .. 206.22 ± 19.17 229 .21 ± 25.66 155.10 ± 61 .60 196.02 ± 107.61 
41 .07 _2776_217 _Unknow n * 0.00 ± 0.00 0.00 ± 0 .00 0.00 ± 0 .00 14.68 ± 9.24 
41.5_2776_217 _Unknown * 0.00 ± 0.00 O.OO z 0.00 0.00 ± 0 .00 25.96 ± 15.46 
4 1.6_2800_31 B_Unknown . 0.00 ± 0.00 5.41 ± 3.41 0 .00 ± 0 .00 0.00 ± 0 .00 
42 .92_2966_204_Unknown * 0 .00 ± 0 .00 6.94 z 1.28 6.82 ± 3.63 25.81 ± 14.09 
43 . 72_2982_ 459_Alternariol * 0 .00 ± 0 .00 0.00 ± 0.00 0 .00 ± 0 .00 7.73 ± 4 .60 
45 .39_3162_204_ Unknown * 0 .00 ± 0.00 0 .00 ± 0.00 0.00 ± 0.00 5.62 ± 3.30 
48 06_3363_ 470_Unknown .. 7.95 ± 4 .06 30.38 ± 10.24 0.00 ± 0.00 0.00 ± 0.00 
48.18_3367 _361 Raffinose . O. OO x 0 .00 O.OO z 0 .00 97.02 ± 48.94 126.59 ± 51 .21 
50 .77 _361 Unknown . 0.00 ± 0 .00 2.86 z 1.44 0.00 ± 0.00 0.00 ± 0.00 
51 .7 _204_Unknown . O.OO z 0 .00 0.00 ± 0 .00 5.51 ± 2.98 9 .82 ± 4 .92 
56.75_217 _Un known . 0.00 ± 0 .00 0.00 ± 0 .00 21 .61 ± 10 .81 39.56 z 18.49 
The significance of each result is indicated by: •. 0 .05 < P < 0 .01; • • , 0.01 < P < 0 .001; ••• . P < 0 .001 . Metabolites are annotated as retention time_re ten-
tion index_base peak_metaboli te JD. 
MBOA, suggest ing com pound sec re tion. A si mila r disco lo rado n 
of rhe media in the prese nce of lvtBOA was observed previously 
with che necro rroph Gaeumarmomyces graminis va r. tritici 
l'tr:io, ... 
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(responsible fo r take-all disease of cereal crops) . This pathogen is 
also capable of detoxifying up to 0.1 mM MBOA before signifi-
cant growth inhibition (Friebe et al. , 1998) . 
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Treatment and susceptibility genes present 
Flg. 8 The abundance of serotonin decreases significan tly in the presence 
of multiple effector- susceptibi lity gene interactions. Re lative abundance of 
serotonin in various SnToxA-infiltrated or infected wheat (Triticum 
aestivum) lines . The cv BG261 only contains the Tsn1 susceptibility gene 
and therefore SnToxA- Tsn1 is the only interaction that can occur in any 
combination of infiltration or infection. The cv Grandin contains multiple 
susceptibility genes and therefore multiple interactions occur in an 
infection of Stagonospora nodorum where multiple effectors are 
produced. l etters A- C represent levels of significance. Error bars represent 
the standard error of the mean (n"" 3). 
How does S. nodorum surv ive the plant defence responses 
induced by SnToxA? 
Previous transcri ptomic, proteom ic and metabolomics data have 
shown that Tox.A induces a wide range of defence responses in 
the host (Vi ncent eta!., 2011; Pandelova eta/., 2012). The cur-
rent study has contributed further evidence o f this response, find-
ing that SnToxA induces a number of plant defence secondary 
metabolites that inhibit the growth or sporulation of 5. nodorurn. 
Furthermore, the current study has shown tha t MBOA and sero-
tonin exhibit their inhibitory effect on 5. nodorum at biologically 
relevant concentrations. ln addition ro th is d irect antimicrobial 
effect, both benzoxazinoids and seroronin have established roles 
in plant innate immunity. Benzoxazinoids have been shown co 
contribute to penetration resistance against Setosphaeria turtica 
and found to act as signals inducing ca!lose deposition in the 
plant, a reaction indicative of a plane immune response (Ahmad 
eta!., 2011 ). Serotonin and ~elated HCAAs undergo polymeriza-
tion and incorporation into the plant cell wall, forming an effec-
tive physical barrier against a number of necrotrophic pathogens 
(Ishihara eta/. , 2008; Kanjanaphachoat eta/. , 20I2). Increased 
susceptibili ty of a sero tonin-deficient rice mutant to B. oryzae was 
postulated to be a res ult of the inabiliry of the mutant to form 
this strengthened barrier (Ishihara et al., 2008; Fujiwara et al. , 
2010). These resul ts therefore indicate that the tryptophan-
derived plane secondary metabolites induced by SnToxA, which 
have both d irect antifungal activity and roles in plant in nate 
immunity; have signifi cant potential as effective mechanisms to 
conrrol S. nodorum. Additional putatively identified secondary 
metabol ites with confirmed and potential antifungal activities 
that were also in duced by SnToxA infil tration were coumaroy-
lagmatine and caffeoylputrescine (Table S I; Stoessl, 1966; Chen 
eta!., 2006; Zhang eta/., 20 12). This raises the question of how 
the pathogen overcomes or survives these defence responses dur-
ing colonization of the leaf preceding host ce ll death. 
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The strong induction of the serotonin pathway and benzoxazi-
noid synthesis was discovered in a whea r cul tivar wi th o nly the 
Tm! suscep tibil ity gene and infi ltrated with the purifi ed effector 
SnToxA. We therefore investigated whether these compounds 
also accumulated in wheat leaves infected by S. noclorum. We uti-
lized a cultivar containing only the SnToxA susceptibility gene 
Tsnl (cv BG261) and the cv Grandin, which harbours dominant 
suscepti bil iry loci to several S. nodorum effectors, including SnT-
oxA, SnTox3 and SnTox2 (Liu eta/., 2006, 2009, 2012). In 
infections with only the Tmi- SnToxA interaction, seroton in 
increased in the same manner as in SnT oxA-infilrrated leaves. 
H owever, a signi fi cant 10-fold reduction in the concent rat io ns of 
serotonin and feruloylseroronin and che complete disappearance 
of feruloyltryptamine was observed in an infection of G randin 
where multiple susceptibility genes were present. In additi on to 
this, SnTox3 infiltration of the sensitive cv BG220 (Snn3) 
revealed no increase in serotonin or the aforement ioned deriva-
tives. Our data sugges t rhar 5. nodorum, possibly through the 
action of other effectors, is able co suppress the serotonin defence 
pathway induced by SnToxA. 
While the idea of suppression of plant defences somewhat con-
flicts with the currencly accepted notion of necrotrophs exploiting 
the cell death thar occurs as a result of ch is response, it is likely that 
a hne balance exists in order for the pathogen to survive the initial 
stages of infec tion wh ile exposed ro plane metaboli tes with ancifun-
gaJ activity, as demonstrated in the current study. The effector Vic-
rorin-LOVl susceptibiJi ty gene system in A. thaliana is a known 
example of a necrorrophic effector chat suppresses local plant 
defence responses (Lorang etal, 201 2) . Vicrorin binds and inhibits 
the acrivi ry of its chioredoxin target TRX-5 h, which controls the 
redox stare of the transcription regulator of systemic acquired resis-
tance, ca11ed NPRJ. H ence, Victorin inhibits activation of N PRI 
activity and significantly suppresses local plant defence responses. le 
is well documented char pathogens are constancly evolving mecha-
nisms to overcome stages of ETI in the plant, with additional path-
ogen effectors again leading to ETS (Jones & Dang! , 2006). 
Further research is necessary to establish how necrorrophs survive 
the initial stages of plant infection and if they indeed actively sup-
press aspects of plam defence during chis stage. 
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Foreword 
SnTox3 was the second effector characterized from Stagonospora nodorum. 
Although SnTox3 induces the same chlorotic and necrotic symptoms on wheat, it 
does not share homology to any known proteins including SnToxA therefore 
suggesting a unique mode of action . Two homologous Snn3 genes in wheat confer 
sensitivity to SnTox3 however these genes have not yet been characterized or 
cloned. No transcriptomic, proteomic or metabolomic data describing the plant 
response to SnTox3 existed prior to this research. Therefore, this study aimed to 
elucidate the metabolite response of susceptible wheat cultivars to the purified 
SnTox3 effector. This would provide insight into the mechanism behind SnTox3-
induced host cell death and allow a comparison of the similarities and differences 
in the wheat response to SnToxA. 
SnTox3 was isolated and purified from a Pichia pastoris expression vector 
constructed previously (Liu et al., 2009). Subsequently, the metabolite profiling 
methodology successfully used for SnToxA metabolomics was employed to 
determine the primary and secondary metabolite response of wheat to SnTox3-
infiltration. This research was published in addition to complementary 
transcriptomics and proteomics approaches undertaken by Dr. Britta Winterberg. 
Title: The necrotrophic effector protein SnTox3 reprograms metabolism and 
elicits a strong defence response in susceptible wheat leaves 
Authorship: Britta Winterberg, Lauren A. Du Fall, Xiaomin Song, Natasha Care, 
Mark Malloy, Stephen Ohms and Peter S. Solomon 
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SUMMARY 
The fungus Stagonospora nodorum is a necrotrophic pathogen of wheat. It causes 
disease by secreting proteinaceous effectors, which interact with dominant 
susceptibility genes in the host. These interactions induce host cell death, allowing 
the fungus to thrive on dead plant material. The mechanism of these effectors 
though is poorly understood. Here we show that infiltration of purified SnTox3 
effector protein into a susceptible wheat line leads to reprogramming of the host's 
transcriptome, proteome and metabolome. Microarray and proteomic studies 
reveal that SnTox3 strongly induced plant defence responses including the 
expression of pathogenicity-related proteins, increases in reactive oxygen species 
and the synthesis of phenylpropanoids and jasmonic acid. Collapse of the 
photosynthetic machinery was also apparent at the transcriptional and 
translational level. SnTox3-infiltrated wheat leaves also showed a strong induction 
of enzymes involved in primary metabolism consistent witn increases in hexoses, 
amino acids and organic acids as determined by primary metabolite profiling. 
Methionine and homocysteine metabolism was strongly induced upon exposure to 
SnTox3. Pathogenicity in the presence of homocysteine was inhibited confirming 
that the compound has a role in plant defence. Consistent with the strong defence 
responses observed, secondary metabolite profiling revealed the induction of 
several compounds associated with plant defence, including the phenylpropanoids 
chlorogenic acid and feruloylquinic acid, and the cyanogenic glucoside dhurrin. 
Collectively, this comprehensive analysis has advanced our understanding of 
necrotrophic effector biology and highlighted the complexity of effector-triggered 
susceptibility. 
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INTRODUCTION 
Fungal and bacterial pathogens of plants have been broad ly categorised based on 
their modes of infectio n and acquisition of nutrients in th e host. Classical 
biotroph ic pathogens, such as rusts and mildews, have evolved complex 
mechanisms and feeding structures to keep their host alive and complete their 
lifecycle. These pathogens (fungi at least) are typically obligate and host specific. 
To cause disease, th ese biotrophic pathogens must avoid the host's innate immune 
system which detects common pathogen signals such as chitin or flaggelin 
(Chisholm et al., 2006, Jones and Dang! 2006). This is achieved through the 
secretion of effector molecules, which interfere with the innate immune system 
resulting in the pathogen remaining 'hidden' from the plant. Plants though have 
evo lved a second line of defence known as Effector Triggered Immunity (ET!) 
whereby these specific effector molecules are recognised by host resistance (R) 
genes leading to locali sed cell death and suppression of biotrophic growth . 
Necrotrophic pathogens in contrast rapidly kill their host to infect and 
reproduce. Historically it was assumed that lytic and cell wall degrading enzymes 
were secreted ahead of the pathogen to degrade host tissue and release nutrients. 
Recent studies though have revealed that at least some necrotrophic pathogens 
hijack the host's own cell death machinery rather than rely so lely on lytic enzymes . 
Thus rather th an avoiding recogn ition by R genes, these pathogens secrete effector 
molecules that are detected by R-like genes to trigger hypersensitive response 
pathways and initiate cell death. Thi s phenomenon is known as Effector Triggered 
Susceptibi li ty (ETS) (Liu et al., 2009). 
The best described example of ETS is that of Coch/iobolus victoriae, the causal 
agen t of victoria blight of oats. Pathogen ic strains synthesize th e chl orinated cyclic 
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pentapeptide victorin (Wolpert et al., 1988) . Rapid progress in dissecting the 
mechanism of victorin-induced cell death was possible as C. victoriae is also able to 
infectArabidopsis thaliana. Using the genetic tools available for this model plant, it 
was demonstrated that the activity ofvictorin was dependent on LOVl, a protein 
closely resemb ling the nucl eotide-binding site-leucine-rich repeat (N BS-LRR) 
resis tance proteins (Lorang et al., 2007). It was more recently shown that the 
interaction of victorin with LOVl occurred through its binding to the thioredoxin 
TRX-hS leading to a res istance like response and disease susceptibility to C. 
victoriae (Lo rang et al., 2012). Based on this, it was proposed that victorin mimics 
a conventional (biotrophic) effector that elicits a cell death response, which can be 
exploited by the necrotrophic C. victoriae. The gene-for-gene nature of this 
interaction has conceived the term "inverse gene-for-ge ne", reflecting its 
susceptib le outcome rather than the classically observed resistance (Friesen et al., 
2007, Wolpert et al., 2002). 
Other cases of host-specific necrotrophic effectors are begi nning to emerge. Fo r 
example, Pyrenophora tritici-repentis, th e causal agent of wheat tan spot, produces 
the proteinaceous effector ToxA (Ciuffetti et al., 2010). ToxA is a small (13.2 kDA) 
secreted protein (Ballance et al., 1989, Ciuffetti et al., 1997, Tuori et al., 2000) that 
leads to necrosis in ToxA-sensitive wheat lines. ToxA is internalis ed into plant 
mesophyll cells subsequent to the pathogen penetrating the leaf (Manning and 
Ciuffetti 2005) and interacts with the chloroplas t-localized protein ToxA-BPl 
leading to collapse of photosynthesis, th e accu mulati on of reactive oxygen species 
(ROS) and eventually to cell death (Manning et al., 2009, Manning et al., 2007). As 
demonstrated with victorin, ToxA is indirectly recognised by an NBS -LRR protein 
named Tsnl (Faris et al., 2010). Transcriptomic (Pandelova et al., 2009), 
proteomic and metabolomic (Du Fall and Solomon 2013, Vin cent et al., 2012) 
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analyses of Tax.A-triggered responses in wheat have shown that Tax.A invokes a 
variety of host responses including the induction of defence. 
The wheat pathogen Stagonospora nodorum is another necrotroph shown to 
infect through an inverse gene-for-gene mechanism (Strelkov and Lamari, 2003; 
Friesen et al., 2008; Oliver and Solomon, 2010; Friesen and Faris, 2012) . 
S. nodorum has emerged as one of the model organisms for studying plant -
necrotrophic pathogen interactions due to its genetic tractability and extensive 
functional genomics reso urces (Oliver et al., 2012, Solomon et al., 2006a) . Three 
proteinaceous effectors, SnTox.A (Friesen et al., 2006), SnToxl (Liu et al., 2012) 
and SnTox3 (Liu et al., 2009) have recently been identifi ed and shown to play a 
required role in disease. SnToxA was first identified through the sequencing of the 
S. nodorum genome. The nucleotide sequence was found to be almost identical to 
ToxA from P. tritici-repentis and subsequent analysis has provided strong evidence 
that SnToxA was laterally transferred from S. nodorum to P. tritici-repentis shortly 
prior to 1940 (Friesen et al., 2006). Recent mode-of-action analyses have proven 
that SnToxA and Tax.A share identical functions (Vincent et al., 2012) . 
SnTox3 was the second effector characterized from S. nodorum (Liu et al., 2009). 
The protein is encoded by a 693-bp intron-free gene that shares no homology to 
other proteins. Expression of SnTox3 in S. nodorum is induced during the early 
infection stages (IpCho et al., 2011). It is synthesized as a prepropeptide and 
cleavage of the s ignal peptide and the prosequence leads to maturation of the 
small (18 kDa) effector (Friesen et al., 2008, Liu et al., 2009). Three disulfide 
bridges formed by s ix cysteine residues in SnTox3 are essential for structure and 
function of the effector protein. QTL analysis has shown that two homologous 
wheat susceptibility genes, Snn3-Bl and Snn3-Dl, are involved in SnTox3 
se nsitivity (Zhang et al., 2011). 
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As part of a larger study in our laboratory to understand the roles and 
mechanisms of necrotrophic effectors, we are using functional genomics tools to 
identify the pathways and mechanisms these effectors exploit to cause disease. 
Unlike C. victoriae, S. nodorum is strictly host specific for wheat and does not infect 
A. thaliana, thus the genetic resources for dissecting the mechanisms of SnToxA 
and SnTox3 are limited. In this study, gene expression, protein abundance and 
metabolite levels have all been examined in susceptible wheat infiltrated with 
SnTox3. This approach has identified a number of key host pathways that are 
involved in symptom development upon exposure to SnTox3 and provided further 
insight into the complex S. nodorum-wheat interaction. 
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RESULTS 
Microarray profiling reveals strong gene expression changes upon SnTox3 
infiltration 
Fo r the ide ntifi cation of differentia lly expressed genes, SnTox3 was expressed in 
Pichia pastoris and pur ified from culture supernatants. Sup ernatants of empty 
vector- transform ed yeast cultures se rved as control. 13 day-old seedlings of the 
wheat variety BG220 harb ouring the susceptibility gene Snn3 were infiltrated with 
puri fied SnTox3 and th e empty vector control (ev) (Figure l a) . Symptoms of 
necrosis became visible 48 hours post infiltration (hpi) in SnTox3-infiltrated 
leaves. 
Affymetrix mi croarray analysis was undertaken at six, 12, 24 and 48 hpi to 
analyse the gene exp ression in wheat upon SnTox3 exposure. More than 6400 
probe sets, coding fo r 5700 genes, showed differential expression (fold change >2, 
p < 0.05) at least one of the tim e points when comparing SnTox3- to mock 
infiltrated pl ants (Figure l b; Table Sl ). The differentially regulated probe sets 
were analysed us ing Map Man to classify gene fun cti ons (Figure l e). Many probe 
sets associated with photosynthesis showed dow n-regulati on at all time poin ts 
co nsistent with the visibl e co llapse of plant ti ss ue and chl orosis up on SnTox3 
infi ltration. Genes invo lved in primary and seco ndary meta bolism showed 
ind uction at all time po in ts . Probe sets gro uped into the Map Man bins 'Signalling', 
'Stress', 'Redox state regulation' and 'Cell wa ll ' were also up- regu lated, ind icating 
the induction of plant defence res ponses . 
Many plant defence response-re lated ge nes showed stro ng induction 24 and 48 
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Figure 1. Tox3 -infiltration induces necrosis and leads to transcriptional changes in th e 
wheat line BG220. 
(a) 13-day old BG220 seedlings were infiltrated with SnTox3 or the empty vector control 
(ev). Necrotic les io ns became visible 48 hp i in SnTox3-infiltrated plants. (b) Number of 
statistically significant differentially regulated microarray probe sets that are induced 
(light grey) or repressed (dark grey) in response to SnTox3 infiltration 6, 12, 24 and 48 
hours post infiltration (hpi). (c) MapMan analysis of differentially regulated probe sets 
was performed to group induced (light grey) or repressed (dark grey) probe sets into 
functional categories. 
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N 
hpi (Table 1). Of the 25 probe sets with the highest fold change induced at both 
24 and 48 hpi, 19 were involved in plant defence mechanisms including PR 
proteins and components of the jas monic acid (JA) pathway and phenylpropanoid 
pathways. Induction of phenylpropanoid biosynthes is seems to be among the 
initial defence responses. Of the 30 probe sets differentially regulated at 12 hpi, 
eight encode for phenylalanine ammonia lyases, which catalyse the first committed 
enzymatic reaction of phenylpropanoid biosynthesis. Expression of these probe 
sets remained highly induced (up to 70 fold induction) throughout the time course. 
It was also notable that 14 7 probe sets annotated as kinases and 72 as 
transcription factors were differentially regulated at both 24 and 48 hpi (Table S2). 
Of the 93 probe sets on the microarray chip encoding for receptor-like kinases 
(RLK), 22 (24%) were up-regulated at 24 and 48 hpi. Among the differentially 
regulated kinases, 13 probe sets (coding for 10 genes) were high ly induced with a 
fold change greater than 10. Three probe sets representing transcription factors 
also exhib ited a greater than 10-foid induction at these later time points . 
Proteome profiling of SnTox3 -treated leaves reveals significant changes in 
primary metabolism 
iTRAQ-based proteomics was used to identify changes to the wheat leaf proteome 
subsequent to SnTox3 exposu re. 172 wheat proteins were identified as being 
differentially abundant at at leas t one time point in SnTox3-infiltrated plants 
compared to empty vector controls (p >0.05, average fold change< 0.83 and> 1.2 
for down- and up-regulated proteins, respectively; Table S3). 143 of these proteins 
have a known annotation, and for 135, a function could be predicted (Figure 2a). 
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Table 1 SnTox3 induces expression of plant defence res ponses 
Probe set fold· fold · Annotation 
ID change change 
24hpi 48 hpi 
Ta.278.l.s 35.124 168.094 expressed protein PR·l 
l _x_at 
Ta.278.l.s 28.26 151.169 expressed protein 
l_at 
TaAffx.153 45.891 193.677 glucan end o-1,3-beta-glucosidase Gil PR·2 
27 .1.sl_at precursor, putative, expressed 
Ta.20121 . 19.018 76.22 glucan endo· 1,3-beta-glucosidase, 
l.s l _x_at acidic isoform precurso r, putative 
Ta.28.1 .sl 28.122 129.871 glucan endo· 1,3 -beta-glucosidase, 
-
at acidic isofor m precursor, putat ive 
Ta.21342. 30.836 158.506 basic endochitinase 1 precursor, PR-3 
l.sl_x_at pu tative, expressed 
Ta.2784.1. 12.926 100.179 acidic end ochitinase Q precursor, 
al_at pu tative, expressed 
Ta.14946. 23.018 79.238 acid ic endochitinase Q precursor, 
l .sl_at putative, expressed 
Ta.92 26.1 . 33.843 199.463 wi n2 precursor, putative, expressed PR-4 
s l _at 
Ta.24501. 21.754 75.609 thaumatin-like protein precurso r, PR-5 
l.sl_at putative, expressed 
Ta.23322 . 15.541 72.758 prote in P21, putative, expressed 
l .sl_s_at 
Ta.13371. 23.75 81.92 Bowman-Birk type bran trypsin PR-6 
l .sl_at inhibitor precursor, putative, expressed 
Ta.169.l.s 33.72 78.158 germ in-like protein 2b PR-15 
l _x_at 
Ta.8447.l. 28.453 131.591 cytochrome P450 76C2, pu tative, cyto· 
sl_a_at exp ressed chrome 
Ta.8447.1 . 23.447 66.609 cytochrome P450 76C2, putative, P450 
sl_x_at expressed 
Ta.22615. 23 .678 130.487 cytochrome P450 71 D6, putative, 
l.s l _at expressed 
TaAffx.109 32 .04 72.503 cytochrome P450 76Cl, putative 
794.l.sl_a 
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Table 1 (cont) ... 
Probe set fold- fold- Annotation 
ID change change 
24hpi 48 hpi 
Ta.21307. 89 .44 116.551 peroxidase 12 precursor, putative, phenyl-
l.sl x at expressed propanoid 
Ta.22564. 59.78 79 .389 peroxidase precursor, putative, pathway 
2.sl_a_at expressed 
Ta.82.1.sl 57.636 77.723 peroxidase precursor, putative, 
-
at expressed 
Ta.7022 .1. 66.367 72.208 phenylalanine am monia -lyase, 
sl s at putative, expressed 
Ta.30827. 20.382 78.043 jasmonate-induced protein, pu tative, jasmonic 
l .al_x_at expressed acid 
Ta.23763 . 39.084 80.337 lipoxygenase 1, putative, expressed 
l.sl_at 
Ta.23327 . 37.873 101.178 NA 
l.sl_a t 
TaAffx.268 74.671 88.734 NA 
15.1.sl_at 
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Figure 2. SnTox3-induces changes in protein abundance. 
(a) Number of differentia lly expressed proteins in functional groups that show higher 
(light grey) or lower (dark grey) prote in abundance in SnTox3-treated plants compared to 
mock-infiltrated BG220 seedlings. (b) Number of proteins with induced (light grey) or 
repressed (dark grey) protein levels in SnTox3 -infil t rated plan ts over time. 
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BLAST searches were performed to identify corresponding microarray probe sets 
coding for the regulated proteins (www.plexdb.org). For 105 proteins (61 %), no 
change in transcript abundance was identified subsequent to SnTox3 exposure 
justifying the proteomics approach to identify differentially regulated processes. 
Many (35 %) of the repressed proteins were predicted to be involved in 
photosynthesis. Several enzymes involved in primary metabolism were more 
abundant in SnTox3-treated plants, including enzymes of the pentose phosphate 
pathway. 6-phosphogluconate dehydrogenase was induced 1.4 and 1.5-fold at 24 
and 72 hpi, respectively whilst transaldolase was 1.6-fold higher at 72 hpi. Two 
glycolytic enzymes, phosphofructokinase ( x 1.4 at 48 hpi) and 2,3-
bisphosphoglycerate-independent phosphoglycerate mutase ( xl.5 at 72 hpi) were 
also present at higher levels after SnTox3 infiltration, whilst fructose 1,6-
bisphosphate aldolase (EC: 4.1.2.13) showed slightly reduced protein levels (x0.82 
at 72 hpi). 
There were other notable changes identified through thi s proteomics approach. 
3-Ketoacyl-CoA thiolase, catalysing the last enzymatic step in b-oxidation, was 
significantly more abundant at 48 and 72 hpi ( x2.0 and 1.3, respectively) 
indicating increased lipid catabolism. Phospho-2-dehydro-3-deoxyheptonate 
aldolase, a key enzyme of th e shikimate pathway, was also s ignificantly more 
abundant ( x 1.5) subsequent to SnTox3 infiltration ( 48 hpi) suggesting a n 
induction in aromatic amino acid biosynthesis. Other proteins invo lved in amino 
acid biosynthesis were less abundant. Expression of the enzymes diaminopimelate 
decarboxylase (lysine), 2- isopropylmalate syn thase (leucine) and ketol-acid 
reductoisomerase (valine, leucine and isoleucine) were repressed during the latter 
stages of SnTox3 treatment. Another interesting finding was that the PtrToxA 
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binding protein ToxABPl (QSXUV3_ WHEAT) was significantly decreased in 
abundance after SnTox3 treatment with a fold change of 0.713. 
As the process of iTRAQ data acquisition leads to an underestimation of true 
iTRAQ ratios (Saw et al., 2009), we can conclude that the biological fold-changes 
are indeed larger than the observed iTRAQ ratios reported here. 
SnTox3 induces methionine metabolism 
Careful scrutiny of both the microarray and proteomics data revealed a striking 
impact on the methionine biosynthetic pathway upon infiltration with SnTox3 
(Figure 3, Table 2). Expression of a probe set encoding a cysteine synthase was 3.7 
fold induced upon SnTox3-infiltration. Enzymes catalysing the recycling of 5-
methyl tetrahydrofolate were also up-regulated at the transcriptional and 
translational level. 4 probe sets encoding for serine hydroxymethyl transferases 
were induced (x2.5-2.9) as was the expression of methylene THF reductase genes 
(x2.2 and 4.1) leading to higher abundance of the protein (xl.6). The second 
enzyme involved in methionine production is 5-methyl 
tetrahydropteroyltriglutamate-homocysteine methylase. Eight probe sets coding 
for this enzyme showed strong up-regulation in response to SnTox3 (x3.4-14.1), 
whilst the abundance of two of the resulting proteins was also increased (x2 .0 and 
2.6). Thirdly, homocysteine S-methyltransferase, which catalyses synthesis of two 
methionine molecules from homocysteine and S-methyl methionine, was highly 
induced at the transcriptional level (x2.6-20.1 of 5 probe sets). 
Adenosylmethionine synthase, which catalyses the reaction from methionine to 
S-adenosyl methionine (SAM), responded positively at the transcriptional ( x2.5-
3.2) and translational level (x2.0) upon SnTox3 exposure. The expression of 
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Figure 3. SnTox3 induces express ion of enzymes invo lved in methionine metabol ism. 
Enzymes written in bold are induced by SnTox3 THF: tetrahydrofo la te, Gly: glyci ne, Ser: 
serine, H4PteGlu: tetrahydropteroyltriglutamate, Met: methion ine, SAM: S-adenosyl 
methionine, SAH: S-adenosyl homocysteine, ACC: a minocyclopropa ne carboxylate 
SAM is a methyl donor for phenylpropanoid biosynthesis and precu rsor of polyamines. 
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Table 2 SnTox3 induced up-regulation of genes and proteins involved in 
methionine metabolism. Numbers of differentially regulated probe sets and 
proteins are given with their fold change range. THF: tetrahydrofolate, H4PteGlu: 
tetrahydropteroyltrigultamate 
transcriptome proteome 
(48 hpi) (72 hpi) 
EC probe sets fold proteins fold 
number change change 
Cystathionine b-lyase 4.4.1.8 1 3.7 
Serine hydroxym ethyl transferase 2.1.2.1 4 2.5-2.9 1 0.82 
Methylene THF reductase 1.5.1.20 2 2.2-4.1 1 1.6 
5-methylH4PteGlu-homocysteine 2.1.1.14 8 3.4-14.1 2 2.0-2.6 
methylase 
Homocysteine S-methyltransferase 2.1.1.10 5 2.6-20.1 
Adenosylmethionine synthase 2.5.1.6 3 2.5-3. 2 1 2 
Adenosylhomocysteinase 3.3.1.1. 1 2.6 1 2.1 
ACC synthase 4.4.1.14 2 5.2-11.8 
ACC oxidase 1.14.17.4 2 3.6 
84 
adenosylhomocysteinase was also induced by SnTox3 (x2.6 fo ld). Genes 
encod ing aminocyclopropane (ACC) synthase and ACC oxidase, both involved in 
the synthes is of ethylene from SAM, were up-regulated in SnTox3-infiltrated plants 
(xZ.0-11.8). 
Given this striking up-regulation of th e homo cysteine metabolism, we analysed 
whether or not it played a role in disease development. Detached w heat leaves 
were inoculated with S. nodo rum in the presence or absence of 300 µM 
homocysteine and scored for disease seven days later (Figure 4). In the absence of 
homocysteine, large necrotic lesions were evident one week post inoculation. In 
the presence of homocysteine, the severity of the lesions was significantly less with 
many of the replicates failing to develop large necroti c lesions. In many instances, 
only mild ch lorosis or necrotic fl ecking was evident suggesting that the presence of 
homocysteine was inhibitory to di sease development. The severi ty of the 
symptoms in leaves treated with homocystein e was signifi cantly lower than 
untreated contro ls as determined by a Kruskal-Wallis test (p-value = 0.01046). 
Primary metabolite profiling demonstrates an accumulation of sugars and 
organic acids in SnTox3 -infiltrated wheat 
Gas Chromatography-Mass Spectrom etry (GC-MS) was used to identify metabolites 
whose abundance is influenced by SnTox3. Principal component ana lysis (PCA) of 
the GC-MS data demonstrated clustering of the biological rep li cates verifying the 
experimental design and robustness of th e method. The la rgest variation was 
represe nted by principal component 1 (PCl) which accounted for 37 % of the 
variance in the data set distinguishing the 48 and 72 hpi SnTox3 -infiltrated 
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Figure 4. Exposure of S. nodorum to homocysteine during infection leads to 
reduced virulence. 
(a) Detached leaf assays were performed on aga r plates in the absence (-) or 
presence ( +) of 300 µM homocysteine. Six leaves for each treatment were 
inoculated with 5000 spores and ranked according to the severi ty of symptom 
development 7 days post inoculation. Based on increasing symptom severity, the 
infected leaves were assigned to 4 groups of three leaves each. Average numbers of 
leaves in each of the groups are given in (b ). Error bars indicate the standard er ror 
of fi ve replicates. 
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samples from controls and earlier tim e po ints (Figure Sa). The metabolite load ings 
for the 10 mass features with the highest contribution to PCl are detailed in Figure 
Sb. The majority of metabolites co ntributing to th e variance in the data set we re 
more abu ndant in th e SnTox3-infiltrated wheat. 
In order to dete rmine sign ificant metabolite changes in wheat induced by 
SnTox3, we performed univariate and multivariate sta tistical analyses on the GC-
MS dataset (Table S4) . Thirty-nine mass features were identified to be signifi ca ntly 
altered in SnTox3-treated wheat relative to the control; 30 of these increased in 
abundance. Putative metabolite identifications were established by searching the 
Golm Metabolome Database and the NISTOB library with 16 confirmed with an in-
house database. The remaining metabolites were unidentified . 
A number of sugars showed an increased abundance in SnTox3°infiltrated 
plants including hexoses, pentoses and di- and tri-saccharides. Fructose, glucose, 
galactose and ribose demonstrated th e largest fold changes ( 4-5) at 48 and 72 hpi. 
Glyceric acid, mali c acid, 2-keto-gluconic acid and erythronic acid were more 
abundant in SnTox3 infiltrated plants, while N-acetylglutam ic acid was less 
ab undant. An unidentified compound with a retention time of 31.4 minutes 
showed the largest cha nge of 11 fo ld higher in SnTox3 infiltrated plants at 72 hpi. 
A comparable approach was also und ertaken to analyse the metabolite content 
of the apoplast in SnTox3-in fil trated wheat (Figure Sl; Table SS). The majority of 
the metabo lites that were more abundant subsequent to SnTox3 infiltration were 
organic acids, sugars and amino acids . All of the id entified sugars including 
sucrose, glucose, fructose and raffinose were all more ab unda nt in SnTox3-
infiltrated wheat over the time course as were all three identified am ino acids, 
glutamine, threonine and serine. The largest abu nd ance changes at four hpi were 
observed for glutamic acid and glucopyranose, which increased 3-4 fold in 
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Figure 5. Metabolite profiling of whole leaf extract from SnTox3 infiltrated wheat. 
GC-MS analysis of polar metabolites in wheat leaves infiltrated with SnTox3 or 
controls at various time points post infiltration. 
(a) Principal component analysis of data showing variation amongst samples and 
replicates. (b) Metabolite loadings of PCl illustrating ten metabolites with the 
highest contribution to the differences between control and SnTox3 infiltrated wheat 
at 48 and 72 hpi. 
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response to SnTox3. The largest significant decrease in a metabolite at four hpi 
was pyruvic acid, which decreased 2 fold. At 72 hours the largest increases of 5-6 
fold were seen in gluta mic acid, citric acid and quinic acid. At 72 hours, th e largest 
decreases in metabolites in SnTox3- infiltrated wheat were all unknown 
metabolites. 
SnTox3 infiltration induces extensive changes in wheat secondary 
metabolism 
Metabolite extracts of four biological replicates of em pty vector control- or 
SnTox3-infiltrated wheat at five time points post infiltration were analysed using 
Liquid Chromatography-Mass Spectrometry (LC-MS). PCA analysis of the 
processed data revealed that PCl accounted for the largest variation in the data of 
9.34% (Figure 6a). PC2 accounted for 5.6% of the variation within this datase t and 
best describes the differences between the control and SnTox3-infiltrated samples. 
The 10 mass feature s with the highest contribution to the variation seen in PC2 are 
detailed in Figure 6b. 
Statistical analys is identified 31 mass features detected consistently across the 
time points and treatments to be significantly (p < 0.01) altered in their abundance 
in SnTox3-treated wheat relative to the control (Table S6). The MassHunte r 
formula generator algorithm was used to generate empirical formu lae for th e mass 
features based on the abundances of ca rbon isotopes present in th e molecu lar ion. 
Putative metabol ite identifications were established by searching these empirica l 
form ulas against the publicly avai lable Mass Bank, ReSpect and METLIN onlin e 
metabolite databases . Putative metabolite identifi cations include the 
phenylpropanoids feru loylquinic acid and chlorogenic acid that increase at 48-102 
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Figure .6. Metabolite profiling of whole leaf extract from SnTox3 infiltrated wheat. 
LC-MS analysis of semi-polar metabolites in leaves infiltrated with SnTox3 or 
controls at various time points post infiltration. 
(a) Prindpal component analysis of data showing variation amongst samples and 
replicates. (b) Metabolite loadings of PCl illustrating ten metabolites with the 
highest contribution to the differences between control and SnTox3 infiltrated 
wheat at 48-102 hpi. 
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hpi respectively. MS/MS data were ge nerated fo r th ese mass features resulting in 
the identification of at least three fragm ents each matching those expected for 
th ese two compounds. Of particular interest was th e metabolite that was 
putatively identified as th e cyanogenic glycoside dhurrin. This compound is one of 
th e few significant changes (p = 1.01 x 10·11) occurring as early as 12 hrs post 
SnTox3-i nfiltration. 
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DISCUSSION 
Three effector proteins from the wheat pathogen S. nodorum have been identified 
recently, SnToxA, SnToxl and SnTox3. With the exception ofToxA in P. tritici-
repentis, all of the proteins appear unique to S. nodorum and each is of unknown 
function . In this study, we have taken the approach of analysing how the host 
responds to SnTox3 exposure at the transcript, protein and metabolite levels. 
These analyses were chosen for their complementarity and capacity to reveal 
different aspects of the interaction of the effector protein and the susceptible host. 
For example, the microarray approach provides a rapid overview of the expression 
of all genes in a particular sample at a given time. However previous studies have 
clearly demonstrated the lack of correlation in vivo between transcript and protein 
abundances and thus it was also important to consider protein abundances (Gygi 
et al., 1999). Lastly, we looked at the metabolome of the infiltrated wheat leaves to 
gain an understanding of the host metabolic status subsequent to SnTox3 
infiltration in addition to identifying potential key defence compounds. 
An identifying feature of all datasets was the down-regulation of 
photosynthesis, which in turn is known to lead to the production of ROS (Manning 
et al., 2009). The accumulation of ROS in infected plant material is a hallmark of 
plant defence responses (O'Brien et al., 2012). ROS have direct antimicrobial 
properties (Peng and Kuc 1992) and act as signalling molecules associated with 
induction of plant defence programs (Desikan et al., 2000). It has been well 
documented that the down-regulation of photosynthesis is often correlated with 
induction of PR genes in plant-pathogen interactions (Bon fig et al., 2010, Chou et 
al., 2000, De Cremer et al., 2013, Gyetvai et al., 2012, Swarbrick et al., 2006). 
Another source of ROS during plant-pathogen interactions is through the action of 
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peroxidases (Lamb and Dixon 1997). SnTox3-treatment lead to induced 
transcription of many class Ill peroxidase genes and higher protein abundance of 
one class II peroxidase (Q43218_WHEAT) . 
The effects of ROS need to be tightly regulated during plant defence responses. 
Therefore, increased levels of ROS lead to induction of molecu les with ROS 
detoxifying properties, including ascorbates, polya mines and glutathione 
(Blokhina et al., 2003, Meyer 2008, Noctor and Foyer 1998). Many probe sets of 
this cycle are highly induced during SnTox3-treatment. Additionally, glutathione S-
transfe rases are highly induced at a ll time points after SnTox3-infiltatration. 
Metabolomic analysis revealed s ignificant increases in hexoses in response to 
SnTox3 . It has been previously described that elevated hexose levels may trigger 
the induction of pl ant defence (Moghaddam- Boulori and Van Den Ende 2012). 
Increased hexose levels have also been observed in incompatible biotrophic 
interactions suggesting that sugars fuel successful plant defence respo nses likely 
th rough th e production of secondary metabolites (Herbers et al., 1996, Swarbrick 
et al., 200 6). Increases in hexoses have been shown to up-regula te expression of 
genes involved in phenylpropanoid biosynthesis (Lloyd and Zakhleniuk 2004, 
Solfanelli et al., 2006). Indeed, our metabolite profiling demonstrated the 
accumu lation of the phenylpropanoids feruloylquinic acid and chlorogeni c acid. 
Chlorogenic acid has inhibitory effects aga inst bacterial and fungal pathogens and 
is sugges ted to interfere with ce ll membranes (L6pez-G resa et al., 2011, Sung and 
Lee 2010). The activity of fe ruloylquinic acid may lie in th e hydrolys is of this ester 
to re lease quin ic acid and ferulic acid. Ferulic acid is implicated in res ista nce to a 
number of fungal pathogens including Fusarium graminarium (Bi ly et al., 200 3, 
Cabrera et al., 1995, Sa ntiago et al., 2006). SnTox3 also induced an increase in 
quinic acid, although feru li c aci d was not detected. 
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The putatively identified cyanogenic glycoside dhurrin also increased in 
response to SnTox3. This was one of the earliest secondary metabolite changes 
identified and therefore has significant potential to impact the outcome of an S. 
nodorum infection. Cyanogenic glycosides are found in over 2,500 plant species 
and act as successful herbivore deterrents and are also weakly correlated with 
pathogen resistance (Bak et al., 2006, Du Fall and Solomon 2011, Iriti and Faoro 
2009, Tattersall et al., 2001) . Compartmentalized within host cells to avoid self-
toxicity, cyanogenic glycosides are cleaved upon tissue disruption releasing toxic 
hydrogen cyanide (HCN). Interestingly, intact cyanogenic glycosides have also 
demonstrated activity in barley where they are implicated in host recognition by 
the pathogen Blumeria graminis f. sp. Hordei (Nielsen et al., 2002). Many crop 
plants are cyanogenic including sorghum, wheat, barley, and rice (Jones 1998). 
Dhurrin was originally discovered in sorghum (M0ller and Conn, 1979) and has 
also been reported in other members of the Poacaeae including Triticum aestivum 
(Gorz et al., 1979) but there have been no reports of its activity or presence in 
wheat since. 
Signalling elements of plant defence were also evident subsequent to SnTox3 
infiltration. Transcriptome analysis revealed that several probe sets coding for 
MAP kinases wer.e induced by SnTox3 . The role of MAP kinases in plant defence 
responses has been studied extensively and they play a crucial role in the 
establishment of PAMP-triggered immunity (Jones and Dang! 2006, Pitzschke et al., 
2009) . Among them is TaMPK3, whose expression is significantly induced at 24 hpi 
and 48 hpi (fold change 8.0 and 6.3, respectively). TaMPK3 has previously been 
shown to be transcriptionally induced by the necrotrophic effector PtrToxA 
(Pandelova et al., 2009) and to be activated during interactions with the 
necrotrophic fungal pathogen Zymoseptoria tritici (Rudd et al., 2008). Interestingly, 
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TaMPK3 expression precedes necrotic symptom development and shows peak 
express ion levels just before the appearance of macroscopic symptoms for SnTox3 
and PtrToxA infiltrations as well as the Z. tritici infection suggesting that it is 
involved in the regulation of PCD onset. 
Another kinase identified that responded to SnTox3 treatment was encod ed by 
the gene CA680295, which shows homology to serine/threonine kinases and 
contains a stress-antifungal domain (pfam01657). This domain is characterized by 
a C-X(8)-C-X(2) -C motif, which forms 3 disulfide bridges. This domain has been 
analysed in the protein Ginkbilobin-2 (Gnk2) of Ginko biloba. Gnk2 has been shown 
to inhibit growth of phytopathogenic fungi such as Fusarium oxysporum, Botrytis 
cinerea and Z. tritici (Wang and Tzi Bun 2000). Expression of CA680295 is highly 
induced in SNlS-infected BG220 (data not shown) and also ToxA-infiltrated wheat 
(Pandelova et al., 2009). 
A striking observation from both the transcriptomics and proteomics data was 
the up-regulation of methionine metabolism subsequent to SnTox3 infiltration. 
One co nseq uence of this is likely to be an increase in the levels of homocysteine 
and SAM. SAM is a direct precursor for ethylene biosynthesis and primary methyl 
donor for a variety of defence-related metabolites. Its methyl group is consumed in 
the biosynthesis of phenylpropanoids such as feruloylquinic acid and chloroge ni c 
acid (Moffatt and Weretilnyk 2001). Phenylpropanoids can also act as 
phytoalexins, phytoanticipans and signalling molecules inducing plant defence 
ge ne express ion (Dixon et al., 2002, Leiss et al., 2009). Additionally, 
decarboxylated SAM donates propylamine groups during biosynthesis of 
polyamines including spermine and spermidine (Sauter et al., 2013). Transgenic 
lines of tom ato overproducing spermidine are more susceptible to the 
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necrotrophic fungus B. cinerea (Nambeesan et al., 2012) whilst spermine has been 
shown to induces expression of PR genes (Yamakawa et al., 1998) . 
It has also been reported that homocysteine levels are higher in potato infected 
with Phytopthora infestans, especially in susceptible potato genotypes at the later 
stages of the disease. Furthermore, infiltration of leaves with homocysteine results 
in quicker and more severe disease progression in susceptible plants suggesting 
that homocysteine is playing a role in accelerating host cell death (Arasimowicz-
Jelonek et al., 2013). 
Together, the above examples indicate that an increase in the metabolism of 
methionine through homocysteine plays a role in host defence, possibly through 
multiple mechanisms. Our data here also suggests such a role for the S. nodorum -
wheat interaction. The elevation of many of the transcripts and proteins associated 
with the methionine cycle after SnTox3 treatment correlates with the increase in 
the other observed defence responses (e.g. PR proteins and secondary 
metabolism) . Furthermore, the ability S. nodorum to cause disease was hindered in 
the presence of increased levels of homocysteine suggesting that it, or its 
metabolism, plays an important role in host defence. 
These data though raise the question of how does S. nodorum deal with these 
defence responses during infection? There are two possibilities. Firstly, the rate of 
the infection outpaces the defence responses allowing the pathogen to sporulate 
prior to inhibition. It could perhaps be speculated that the increasing defence 
responses are a signal for the pathogen to sporulate. Another possibility may be 
that the pathogen suppresses these defence responses during infection, as 
commonly occurs in biotrophic and hemi-biotrophic pathogens. A previous study 
by our laboratory has evidence to support this. During exposure to purified 
SnToxA, high levels of serotonin were seen to accumulate in susceptible wheat 
96 
lines (Du Fall and So lomon 2013). It was demonstrated that serotonin strongly 
inhibited the ability of the pathogen to asexually sporulate. Howeve r, when the 
same lines were infected with S. nodorum, the serotonin levels were 10-fold 
decreased suggesting that the pathogen has mechanisms for suppressing plant 
defences during infection. The mechani sms behind thi s are currently unclear, 
however it wouldn't be unexpected that one (or more) of the many small secreted 
proteins encoded in the S. nodorum genome could have a role in defence 
suppression. Indeed recent studi es have identified that Botrytis cinerea suppresses 
host immunity by hij acking host RNA interference pathways using small RN As 
(Weiberg et al., 2013) . 
Comparable host analyses have been previously published for ToxA from both S. 
nodorum and P. tritici-repentis (Adhikari et al., 2009, Du Fall and Solomon 2013, 
Pandelova et al., 2009, Vincent et al., 2012) . A comparison of the SnToxA and 
SnTox3 datasets revealed several significant differences including s ignalling and 
primary metabolism changes in th e host. There is also evidence to suggest that 
whilst both effectors may lead to collapse of photosyn thesis, they do so through 
different means. SnTox3 leads to down-regulation of the light reaction 
(particularly photosystem I, ATP synthase) whilst SnToxA has a higher impact on 
th e Calvin cycle potentia lly leading to feedback inhibition of photosynthesis (Paul 
and Pellny 2003). 
Perhaps one of th e most interesting differences when comparing the plant 
response to SnTox3 and SnToxA was on seco ndary metabolism. SnToxA strongly 
induced the tryptophan pathway as eviden t from microarray analys is (Pandelova 
et al., 2009). Metabolome analysis detected signifi cant increases in tryptophan, 
serotonin, two serotonin derivatives and the benzoxazinoid 6-methoxy-2-
benzoxazolinone (MBOA) synthesized from the tryptophan precursor indole-3-
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glycerol phosphate (Du Fall and Solomon 2013). In contrast to this, SnTox3 
infiltration resulted in no increase in any of the tryptophan pathway metabolites 
and this was consistent with microarray data showing a significantly lower 
number oftryptophan pathway genes induced compared to SnToxA. Instead 
SnTox3 appears to induce the phenylpropanoid pathway as evident from our 
microarray analysis and the detection of the secondary metabolites feruloylquinic 
acid and chlorogenic acid suggesting that whilst SnToxA and SnTox3 both result in 
host cell death in susceptible wheat lines, each interaction is causal to other 
independent events, possibly indicative of other functions. 
In conclusion, these data have identified many interesting pathways and 
processes in the host associated with exposure to the SnTox3 protein and highlight 
the almost paradoxical nature of the wheat-5. nodorum this interaction. The 
necrotrophic effectors secreted by S. nodorum result in host cell death through 
their interaction with dominant susceptibility loci. The cell death provides the 
environment for the necrotroph to derive nutrients and thrive prior to asexual 
development. However the effectors studied thus far also trigger a strong defence 
response (probably due to the host cell death or events leading to it). Studies are 
now underway to better understand how the pathogen copes with and/or 
suppresses the accumulation of defence proteins and metabolites. However we 
now need to functionally characterise some of these processes and determine 
precisely what role they have in disease. Clearly though, this is not a trivial task in 
wheat and mutants simply aren't available to rapidly screen. Thus viral-induced 
gene silencing trials have been initiated with collaborators at Rothamsted 
Research Station (U.K.) to assess the role of some of the genes described in this 
study. 
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EXPERIMENT AL PROCEDURES 
Plant and fungal material 
SnTox3-sensitive wheat (Triticum aestivum genotype BG220) and the S. nodorum 
wild type strain SN15 were grown as previously described previously (Solomon et 
al., 2006b ) . 
Detached leaf assay 
Wheat leaf segments were placed on water agar plates containing 0.03% 
benzamidazole and 300 µM homocysteine (6 leaves/p late). 5 µL of a S. nodorum 
spore suspension with 106 spores mL-1 in 0.02% Tween 20 were spotted onto the 
leaf surface and kept at 20°( for seven days. Leaves were ranked by increasing 
symptom severity and analysed using a Kruskal-Wallis test to determine statistical 
sign ificance. The experiment was performed in five replicates. 
Isolation of SnTox3 from Pichia pastoris 
Pichia pastoris strains expressing His-tagged SnTox3 and control s trains 
containing an empty vector were inoculated into YPD medium (10 g L·1 yeast 
extract, 20 g L·1 peptone, 20 g L·1 glucose) and incubated for 4 days at 30°( with 
shaking (300 rpm) . Culture supernatants were co llected by centrifugation (10 min, 
4000 rpm, 4°C) and fro zen in liquid nitrogen before lyophilisation. The lyoph ili zed 
material was resuspended in a minimal amount of sterile dH zO and dialyzed (6-
8000 MWCO, Spectrum Laboratori es, Inc.) against water overnight. For 
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transcriptome and proteome analysis, the dialyzed supernatants were further 
purified using PD-10 desalting columns (GE Healthcare) and water as eluate. 
For metabolome experiments, the dialysed and resuspended culture 
supernatants were diluted 1:2 in freshly prepared 2x binding buffer (20mM 
NaP01, 500mM NaCl, 20mM imidazole pH 7.4). SnTox3 and the empty vector 
control were then purified on an AKTA Explorer FPLC system and a 5 mL HisTrap 
FF affinity column (GE Healthcare, Amersham Biosciences). Samples were loaded 
at 5 mL min-1 followed by a column wash with binding buffer for 25 column 
volumes at 1 mL min-1 and eluted with 5 column volumes of 100 % elution buffer 
(20 mM NaP04, 500 mM NaCl, 500 mM imidazole, pH 7.4) . Fractions eluting at 
280nm were pooled and dialyzed against water. 
Microarray analysis 
13 day-old seedlings were syringe-infiltrated with dialyzed SnTox3 or empty 
vector-control. Samples for microarray analysis were collected in biological 
triplicates at 6, 12, 24 and 48 hpi and frozen in liquid nitrogen. Total RNA was 
extracted using the Spectrum Plant Total RNA kit (Sigma) and the quality analysed 
using the Agilent Bioanalyzer 2100 with an Agilent RNA 600 Nano Kit. Labelling 
and hybridisation. to Affymetrix GeneChip Wheat Genome arrays was performed at 
the Ramaciotti Centre for Gene Function Analysis. 
Fo.llowing microarray hybridizations, CEL files were imported into Partek 
Genomics Suite Version 6.3 (Partek, St Louis, Missouri, USA) using the following 
parameters: Pre-background Adjustment: Adjust for GC Content; Background 
Correction: RMA Background Correction; Quantile Normalization: Quantile 
Normalization; Log Probes using Base: 2; Probeset Summarization: Mean. 
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Microarray quality was assessed by a PCA plot and the quali ty-co ntrol metrics 
implemented in Partek Genomics Suite. Based on these, the quality of all ar ray 
hybridizatio ns was assessed as acceptable. The experiment was analysed in Partek 
GS using a 2-way AN OVA model based on the method of moments (Eisenhart 
1947). Model: Yiik = µ + Treatmenti+ Timepointj+Treatment * Timepointii+ Eiik· Yijk 
represents th e kth observation on the ith treatment at the jth tim epoint µ is the 
co mmon effect for the whole experiment. Eijk represents the random error prese nt 
in the kth observation on th e ith treatm ent at the jth tim epoint. The erro rs Eijk were 
assumed to be norm ally and independently distributed with mean O and standard 
deviation 8 for a ll measurements. 
SnTox3- and empty vector-treated samples at each individual time point were 
compared as contrasts (Tamhane and Dunlop 2000). A FDR threshold of 0.001 was 
applied for the identification of s ignificantly differentia lly expressed probe sets. 
Probe sets with a fold change greater or less tha n 2 in the comparison of SnTox3-
vs. empty vector-infiltrated plants were considered as transcriptionally induced or 
repressed respectively. 
Annotation of differentially regulated probe sets was based on (Pa ndelova et al., 
2009). MapMan (Usadel et al., 200 9) was used to assign regul ated probe sets to 
molecu la r functions. 
Protein extraction 
Six leaves from each sample (about 150 to 200 mg) were chopped into 2-3 mm 
pieces and placed into Precellys tubes CK28R with 1 mL of ice cold TCA-acetone 
precipitation buffer (10% TCA in acetone] and homogen ised usi ng Precellys for 45 
seconds at 6500rpm. The homogenised sa mples were placed into -20°C freezer for 
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1.5 hr and then centrifuged at 4500g, 5 °C for 45 min. The supernatant was 
discarded and the pellet mixed with 1 mL of ice cold acetone, left overnight at -20 
°C and then centrifuged at 4000g, 5 °C for 30 min and the supernatant removed. 
This acetone precipitation procedure was repeated three times. 
To solubilize proteins, 400 µL of lysis buffer (50mM HEPES, 2% SOS, pH 7.5, 
with protease inhibitor) was added to pellets, homogenised using Precellys at 
6000 rpm for 20 sec, cooled on ice for 5 min, sonicated for 10 minutes, centrifuged 
at 12000 g for 10 minutes. This protein extraction procedure was repeated once. 
Supernatants from the two extractions were pooled. 
The protein extraction supernatant was buffer exchanged using a 5KDa molecular 
weight cut-off spin filter (VS0212, VIVA Science) into iTRAQ sample buffer [0.25M 
TEAB (triethylammonium bicarbonate), 0.05% SOS, pH 8.5). A protein assay was 
carried out using Direct Detect (Millipore). 
iTRAQ experimental design and procedures 
The experiment comprised 24 samples from a time course experiment on empty 
vector (EV) and SnTox3 infiltrated samples at 12, 24, 48 and 72 hpi. The 24 
samples and a common reference pooled sample (made by taking equal an equal 
amount of protein from each sample) were placed on eight 4-plex iTRAQ runs as 
described in Table S7. The iTRAQ experimental procedures were described in our 
previous paper (Pascovici et al., 2013). 
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Database search and protein identification 
The experimental nano LC ESl MS/MS data were submitted to Protein Pilot V4.2 
(AB Sciex) for data processing using a co mbined cerea ls database assembled from 
va rious so urces as previously described (Pascovici et al., 2013). The search 
parameters took into consideration cysteine modifi cation by methyl 
methanethiosulfonate, digestion of peptides with trypsin and default biological 
modification settings. False Discovery Rate Analysis was enabled. Proteins 
identified with better than 1.3 Unused sco re (greater than 95% confidence) were 
used for further data analysis. In addition to the protein detection confidence cut 
off an overall fals e discovery rate was estimated based on the percentage of decoy 
database hits (reversed hits) . 
Proteomic data analysis 
The data fro m all eight runs was assembled using the pooled sample as a common 
reference for ratio ca lculation. A series of pair-wise co mparisons of biologica l 
interest we re undertaken separately for each protein, across the time co urse: TOX 
and empty vector protein ratios at 12 hours, then respectively 24, 48 and 72 hours. 
The ratios were compared in each case by a two sample t-test of log abundance 
ratios to the pool; proteins with at-test p-value < 0.05 regarded as showing 
significant changes. Overall fo ld changes between TOX and empty vector sam ples 
at each particu lar tim e point were calculated as ratios of geometric means across 
the replicates. 
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Metabolite profiling 
All GC-MS and LC-MS metabolite profiling of whole leaf material and data analysis 
performed in this study were as per previously described (Du Fall and Solomon 
2013, Vincent et al., 2012). For GC-MS of apoplastic fluid, apoplas t was extracted 
as described previously (Solomon and Oliver 2001) . Cold methanol (225 µL, 
100%) was added to the apoplas tic fluid (25 µL) to precipitate proteins overnight 
at -20°C. Methanol extracts were centrifuged (5 min, 10,000 g) and supernatant 
dried down to completeness. 
104 
ACKNOWLEDGEMENTS 
BW, LDF and PSS would like to acknowledge the financial support of the Grains 
Research and Development Corporation (ANU00016) and the Australian Research 
Council (DP0986139). The authors would also like to thank Dana Pascovici from 
the Australian Proteomics Analysis Facility for her assistance with the iTRAQ 
proteomics data analysis and the Ramaciotti Centre for support with the 
microarray analysis. The proteomics and microarray experiments were supported 
through access to facilities managed by Bioplatforms Australia and funded by the 
Australian Government National Collaborative Research Infrastructure Strategy 
and Education Investment Fund Super Science Initiative. PSS is an Australian 
Research Council Future Fellow. Megan McDonald's statistical advice is also 
gratefully acknowledged. 
105 
REFERENCES 
Adhikari, T.B., Bai, J., Meinhardt, S.W., Gurung, S., Myrfield, M., Patel, J., Ali, S., 
Gudmestad, N.C. and Rasmussen, J.B. (2009) Tsnl-mediated host 
responses to ToxA from Py renophora tritici-repentis. Mo/. Plant- Microbe 
Interact., 22, 1056-1068. 
Arasimowicz-Jelonek, M., Floryszak-Wieczorek, J., Gzyl, J. and Chmielowska-
Bak, J. (2013) Homocysteine over-accumulation as the effect of potato 
leaves exposure to biotic stress. Plant Physiol. Biochem., 63, 177-184. 
Bak, S., Paquette, S.M., Morant, M., Morant, A.V., Saito, S., Bjarnholt, N., 
Zagrobelny, M., J0rgensen, K., Osmani, S., Simonsen, H.T., Perez, R.S., 
Van Heeswijck, T .B., J0rgensen, B. and M0ller, B.L. (2006) Cyanogenic 
glycosides: A case study for evolution and application of cytochromes P450. 
Phytochem. Rev., 5, 309-329. 
Ballance, G.M., Lamari, L. and Bernier, C.C. (1989) Purification and 
characterization of a host-selective necrosis toxin from Pyrenophora tritici-
repentis. Phy siol. Mo/. Plant Pa tho!., 35, 203-213. 
Bily, A.C., Reid, L.M., Taylor, J.H., Johnston, D., Malouin, C., Burt, A.J., Bakan, B., 
Regnault-Roger, C., Pauls, K.P., Amason, J.T. and Philogene, B.J.R. 
(2003) Dehydrodimers of ferulic acid in maize grain pericarp and aleurone: 
Resistance factors to Fusarium graminearum. Phytopathology, 93, 712-719. 
Blokhina, 0., Virolainen, E. and Fagerstedt, K.V. (2003) Antioxidants, oxidative 
damage and oxygen deprivation stress : A review. Ann. Bot., 91, 179-194. 
Bonfig, K.B., Gabler, A., Simon, U.K., Luschin-Ebengreuth, N., Hatz, M., Berger, 
S., Muhammad, N., Zeier, J., Sinha, A.K. and Roitsch, T . (2010) Post-
translational derepression of invertase activity in source leaves via down-
106 
regulation of invertase inhibitor expression is part of the plant defens e 
response. Mo/. Plant, 3, 1037-1048. 
Cabrera, H.M., Munoz, 0., Zuniga, G.E., Corcuera, L.J. and Argandona, V.H. 
(1995) Changes in ferulic acid and lipid content in ap hid-infested barley. 
Phytochemistry, 39, 1023-1026. 
Chisholm, S.T., Coaker, G., Day, B. and Staskawicz, B.J. (2006) Host-microbe 
interactions: Shaping the evo lution of the plant immune response. Cell, 124, 
803-814. 
Chou, H.M., Bundock, N., Rolfe, S.A. and Scholes, J.D. (2000) Infection of 
Arabidopsis thaliana leaves with Albugo Candida (white blister rust) causes 
a reprogramming of host metabolism. Mo/. Plant Pa tho/., 1, 99-113. 
Ciuffetti, L.M., Manning, V.A., Pandelova, I., Betts, M.F. and Martinez, J.P. 
(2010) Host-selective toxins, Ptr ToxA and Ptr ToxB, as necrotrophic 
effectors in the Pyrenophora tritici-repen tis-wheat interaction. New Phytol., 
187, 911-919. 
Ciuffetti, L.M., Tuori, R.P. and Gaventa, J.M. (1997) A single gene encodes a 
selective toxin causal to th e development of tan spot of w heat. Plant Cell, 9, 
135-144. 
De Cremer, K., Mathys, J., Vos, C., Froenicke, L., Michelmore, R.W., Cammue, 
B.P.A. and De Coninck, B. (2013) RNAseq-based transcriptome analysis of 
Lactuca sativa infected by the fungal necrotroph Botrytis cinerea . Plant, Ce ll 
Environ., 36, 1992-2007. 
Desikan, R., Neill, S.J. and Hancock, J.T. (2000) Hydrogen peroxide-induced gene 
express ion in Arabidopsis thaliana. Free Radical Biol. Med. , 28, 773-778. 
107 
Dixon, R.A., Achnine, L., Kota, P., Liu, CJ., Reddy, M.S.S. and Wang, L. (2002) 
The phenylpropanoid pathway and plant defence - A genomics perspective. 
Mo/. Plant Pathol., 3, 371-390. 
Du Fall, L.A. and Solomon, P.S. (2011) Role of cereal secondary metabolites 
involved in mediating the outcome of plant-pathogen interactions. 
Metabolites, 1, 64-78. 
Du Fall, L.A. and Solomon, P.S. (2013) The necrotrophic effector SnToxA induces 
the synthesis of a novel phytoalexin in wheat. New Phytol., 200, 185-200. 
Eisenhart, C. (194 7) The assumptions underlying the analysis of variance. 
Biometrics, 3, 1-21. 
Faris, J.D., Zhang, Z., Lu, H., Lu, S., Reddy, L., Cloutier, S., Fellers, J.P., 
Meinhardt, S.W., Rasmussen, J.B., Xu, S.S., Oliver, R.P., Simons, K.J. and 
Friesen, T.L. (2010) A unique wheat disease resistance-like gene governs 
effector-triggered susceptibility to necrotrophic pathogens. Proc. Natl. Acad. 
Sci. USA, 107, 13544-13549. 
Friesen, T.L., Faris, J.D., Solomon, P.S. and Oliver, R.P. (2008) Host-specific 
toxins: Effectors ofnecrotrophic pathogenicity. Cell. Microbial., 10, 1421-
1428. 
Friesen, T.L., Meinhardt, S.W. and Faris, J.D. (2007) The Stagonospora nodorum-
wheat pathosystem involves multiple proteinaceous host-selective toxins 
and corresponding host sensitivity genes that interact in an inverse gene-
for-gene manner. Plant}., 51, 681-692. 
Friesen, T.L., Stukenbrock, E.H., Liu, Z., Meinhardt, S., Ling, H., Faris, J.D., 
Rasmussen, J.B., Solomon, P.S., McDonald, B.A. and Oliver, R.P. (2006) 
Emergence of a new disease as a result of interspecific virulence gene 
transfer. Nat. Genet., 38, 953-956. 
108 
Gorz, H.J., Haskins, F.A., Dam, R. and Vogel, K.P. (1979) Dhurrin in Sorghastrum 
nu tans. Phytochemistry, 18, 2024. 
Gyetvai, G., S0nderk.er, M., Gobel, U., 8asekow, R., 8allvora, A., Imhoff, M., 
Kersten, 8., Nielsen, K.L. and Gebhardt, C. (2012) The transcriptome of 
compatibl e and incompatible interac tions of potato (Solanum tuberosum) 
with Phytophthora infestans revealed by DeepSAGE analysis. PLoS ONE, 7, 
e31 526. 
Gygi, S.P., Rochon, Y., Franza, 8.R. and Aebersold, R. (1999) Correlation 
between protein and mRNA abundance in yeast. Mo/. Cell. Biol. , 19, 1720-
1730. 
Herbers, K., Meuwly, P., Frommer, W.8., Metraux, J.P. and Sonnewald, U. 
(1996) Systemic acquired resistance mediated by the ecto pic exp ression of 
invertase: Possible hexose sensing in the secretory pathway. Plant Cell, 8, 
793-803. 
IpCho, S.V.S., Hane, J.K., Antoni, E.A., Ahren, D., Henrissat, 8., Friesen, T.L., 
Solomon, P.S. and Oliver, R.P. (2011) Transcriptome ana lys is of 
Stagonospora nodorum: gene models, effectors, metabolism and 
pantothenate dispensability. Mo/. Plant Pa tho/., 13, 531-545. 
Iriti, M. and Faoro, F. (2009) Chemical diversity and defence metabolism: How 
plants cope with pathogens and ozone pollution. International Journal of 
Molecular Sciences, 10, 3371-3399. 
Jones, D.A. (1998) Why are so many food plants cyanogenic? Phytochemistry, 4 7, 
155-162. 
Jones, J.D.G. and Dang!, J.L. (2006) The plant immune system. Nature, 444, 323-
329. 
109 
Lamb, C. and Dixon, R.A. (1997) The oxidative burst in plant disease resistance, 
pp. 251-275. 
Leiss, K.A., Maltese, F., Choi, Y.H., Verpoorte, R. and Klinkhamer, P.G.L. (2009) 
Identification of chlorogenic acid as a resistance factor for thrips in 
chrysanthemum. Plant Physiol., 150, 1567-1575. 
Liu, Z., Faris, J.D., Oliver, R.P., Tan, K.C., Solomon, P.S., McDonald, M.C., 
McDonald, B.A., Nunez, A., Lu, S., Rasmussen, J.B. and Friesen, T.L. 
(2009) SnTox3 acts in effector triggered susceptibility to induce disease on 
wheat carrying th e Snn3 gene. PLoS Pathogens, 5. 
Liu, Z., Zhang, Z., Faris, J.D., Oliver, R.P., Syme, R., McDonald, M.C., McDonald, 
B.A., Solomon, P.S., Lu, S., Shelver, W.L., Xu, S. and Friesen, T.L. (2012) 
The cysteine rich necrotrophic effector SnToxl produced by Stagonospora 
nodorum triggers susceptibility of wheat lines harboring Snnl. PLoS 
Pathogens, 8. 
Lloyd, J.C. and Zakhleniuk, O.V. (2004) Responses of primary and secondary 
metabolism to sugar accumulation revealed by microarray expression 
analysis of the Arabidopsis mutant, pho3.}. Exp. Bot., 55, 1221-1230. 
L6pez-Gresa, M.P., Torres, C., Campos, L., Lis6n, P., Rodrigo, I., Belles, J.M. and 
Conejero, V. (2011) Identification of defence metabolites in tomato plants 
infected by. the bacterial pathogen Pseudomonas syringae. Environ. Exp. Bot., 
74, 216-218. 
Lorang, J., Kidarsa, T., Bradford, C.S., Gilbert, B., Curtis, M., Tzeng, S.C., Maier, 
C.S. and Wolpert, T.J. (2012) Tricking the guard: Exploiting plant defense 
for disease susceptibility. Science, 338, 659-662. 
110 
Lorang, J.M., Sweat, T.A. and Wolpert, T.J. (2007) Plant disease susceptibility 
conferred by a "resistance" gene. Proc. Natl. Acad. Sci. USA, 104, 14861-
14866. 
Manning, V.A., Chu, A.L., Steeves, J.E., Wolpert, T.J. and Ciuffetti, L.M. (2009) A 
host-selective toxin of Pyrenophora tritici-repentis, Ptr ToxA, induces 
photosystem changes and reactive oxygen species accumulation in sensitive 
wheat. Mo/. Plant-Microbe Interact., 22, 665-676. 
Manning, V.A. and Ciuffetti, L.M. (2005) Localization of Ptr ToxA produced by 
Pyrenophora tritici-repentis reveals protein import into wheat mesophyll 
cells. Plant Cell, 17, 3203-3212. 
Manning, V.A., Hardison, L.K. and Ciuffetti, L.M. (2007) Ptr ToxA interacts with a 
chloroplast-localized protein. Mo /. Plant-Microbe Interact., 20, 168-177. 
Meyer, A.J. (2008) The integration of glutathione homeostasis and redox signaling. 
journal of Plant Physiology, 165, 1390-1403. 
Moffatt, B.A. and Weretilnyk, E.A. (2001) Sustaining S-adenosyl-L-methionine-
dependent methyltransferase activi ty in plant cells. Physiologia Plantarum, 
113, 435-442. 
Moghaddam- Boulori, M.R.B. and Van Den Ende, W. (2012) Sugars and plant 
innate immunity.]. Exp. Bot., 63, 3989-3998. 
Nambeesan, S., AbuQamar, S., Laluk, K., Mattoo, A.K., Mickelbart, M.V., 
Ferruzzi, M.G., Mengiste, T. and Handa, A.K. (2012) Polyamines attenuate 
ethylene-mediated defense responses to abrogate resistance to Botrytis 
cinerea in tomato. Plant Physiol., 158, 1034-1045. 
Nielsen, K.A., Olsen, C.E., Pontoppidan, K. and Moller, B.L. (2002) Leucine-
derived cyano glucosides in barley. Plant Physiology, 129, 1066-1075. 
111 
Noctor, G. and Foyer, C.H. (1998) Ascorbate and glutathione: Keeping active 
oxygen under control, pp. 249-279. 
O'Brien, J.A., Daudi, A., Butt, V.S. and Bolwell, G.P. (2012) Reactive oxygen 
species and their role in plant defence and cell wall metabolism. Plan ta, 
236, 765-779. 
Oliver, R.P., Friesen, T.L., Faris, J.D. and Solomon, P.S. (2012) Stagonospora 
nodorum: From pathology to genomics and host resistance. Annu. Rev. 
Phytopathol., 50, 23-43. 
Pandelova, I., Betts, M.F., Manning, V.A., Wilhelm, L.J., Mockler, T.C. and 
Ciuffetti, L.M. (2009) Analysis of transcriptome changes induced by Ptr 
ToxA in wheat provides insights into the mechanisms of plant 
susceptibility. Mo/. Plant, 2, 1067-1083. 
Pascovici, D., Gardiner, D.M., Song, X., Breen, E., Solomon, P.S., Keighley, T. 
and Molloy, M.P. (2013) Coverage and consistency: Bioinformatics aspects 
of the analysis of multi-run iTRAQ experiments of wheat leaves. journal of 
Proteome Research, (in press) . 
Paul, M.J. and Pellny, T.K. (2003) Carbon metabolite feedback regulation of leaf 
photosynthesis and development.}. Exp. Bot., 54, 539-547. 
Peng, M. and K~c. J. (1992) Peroxidase-generated hydrogen peroxide as a source 
of antifungal activity in vitro and on tobacco leaf disks. Phytopathology, 82, 
696-699. 
Pitzs~hke, A., Schikora, A. and Hirt, H. (2009) MAPK cascade signalling networks 
in plant defence. Curr. Opin. Plant Biol., 12, 421-426. 
Rudd, J.J., Keon, J. and Hammond-Kosack, K.E. (2008) The wheat mitogen-
activated protein kinases TaMPK3 and TaMPK6 are differentially regulated 
112 
at multiple levels during compati bl e disease interactions with 
Mycosphaerella graminicola. Plan t Physiol., 14 7, 802-815. 
Santiago, R., Butron, A., Arnason, J.T., Reid, L.M., Souto, X.C. and Malvar, R.A. 
(2006) Putative role of pith cell wall phenylpropanoids in Sesamia 
nonagrioides (Lepidoptera: Noctuidae) resistance.}. Agric. Food Chem., 54, 
2274-2279. 
Sauter, M., Moffatt, B., Saechao, M.C., Hell, R. and Wirtz, M. (2013) Meth ion ine 
salvage and S-adenosylmethionine: Essential links between sulfur, ethylene 
and polyamine biosynthes is. Biochem.j., 451, 145-1 54. 
Saw, Y.O., Salim, M., Noire!, J., Evans, C., Rehman, I. and Wright, P.C. (20 09) 
iTRAQ underestimation in simple and complex mixtures: "The good, the bad 
and the ugly".journal of Proteome Research, 8, 5347-5355. 
Solfanelli, C., Poggi, A., Loreti, E., Alpi, A. and Perata, P. (2006) Sucrose-specific 
inducti on of the anthocyanin biosynthetic pathway in a rabidopsis. Plant 
Physiol., 140, 637-646. 
Solomon, P.S., Lowe, R.G.T., Tan, K.C., Waters, O.D.C. and Oliver, R.P. (2006a) 
Stagonospora nodorum: Cause of stagonospora nodorum blotch of wheat. 
Mo/. Plant Pathol., 7, 147-156. 
Solomon, P.S. and Oliver, R.P. (2001) The nitrogen content of the tomato leaf 
apoplast increases during infection by Cladosporium Julvum. Plan ta, 213, 
241-249. 
Solomon, P.S., Rybak, K., Trengove, R.D. and Oliver, R.P. (2006b) Investigating 
the role of calcium/calmodulin-dependent protein kinases in Stagonospora 
nodorum. Mo/. Microbial., 62, 367-381. 
113 
Sung, W.S. and Lee, D.G. (2010) Antifungal action of chlorogenic acid against 
pathogenic fungi , mediated by membrane disruption. Pure and Applied 
Chemistry, 82, 219-226. 
Swarbrick, P.J., Schulze-Lefert, P. and Scholes, J.D. (2006) Metabolic 
consequences of susceptibility and resistance (race-specific and broad-
spectrum) in barley leaves challenged with powdery mildew. Plant, Cell and 
Environment, 29, 1061-1076. 
Tamhane, A.C. and Dunlop, D.D. (2000) Statistics and data analysis: From 
elementary to intermediate: Prentice-Hall. 
Tattersall, D.B., Bak, S., Jones, P.R., Olsen, C.E., Nielsen, J.K., Hansen, M.L., H0j, 
P.B. and Maller, B.L. (2001) Resistance to an herbivore through 
engineered cyanogenic glucoside synthesis. Science, 293, 1826-1828. 
Tuori, R.P., Wolpert, T.J. and Ciuffetti, L.M. (2000) Heterologous expression of 
functional Ptr ToxA. Mo/. Plant-Microbe Interact., 13, 456-464.--
Usadel, B., Poree, F., Nagel, A., Lohse, M., Czedik-Eysenberg, A. and Stitt, M. 
(2009) A guide to using MapMan to visualize and compare Omics data in 
plants : A case study in the crop species, Maize. Plant, Cell and Environment, 
32, 1211-1229. 
Vincent, D., Du Fall, L.A., Livk, A., Mathesius, U., Lipscombe, R.J., Oliver, R.P., 
Friesen, T.L. and Solomon, P.S. (2012) A function al genomics approach to 
dissect the mode of action of the Stagonospora nodorum effector protein 
SnToxA in wheat. Mo/. Plant Pa tho/. , 13, 467-482. 
Wang, H. and Tzi Bun, N. (2000) Ginkbilobin, a novel antifungal protein from 
Ginkgo biloba seeds with sequence similarity to embryo-abundant protein. 
Biochem. Biophys. Res. Commun., 279, 407-411 . 
114 
Weiberg, A., Wang, M., Lin, F.-M., Zhao, H., Zhang, Z., Kaloshian, I., Huang, H.-D. 
and Jin, H. (2013) Fungal small RN As suppress plant immunity by hijacking 
host RNA interference pathways. Science, 342, 118-123. 
Wolpert, T.J., Dunkle, L.D. and Ciuffetti, L.M. (2002) Host-selective toxins and 
avirulence determinants: What's in a name?, 40, 251-285. 
Wolpert, T.J., Macko, V., Acklin, W. and Arigoni, D. (1988) Molecular features 
affecting the biological activity of the host-selective toxins from 
Cochliobolus victoriae. Plant Physiol., 88, 37-41. 
Yamakawa, H., Kamada, H., Satoh, M. and Ohashi, Y. (1998) Spermine is a 
salicylate-independent endogenous inducer for both tobacco acidic 
pathogenesis-related proteins and resistance against tobacco mosaic virus 
infection. Plant Physiol., 118, 1213-1222. 
Zhang, Z., Friesen, T.L., Xu, S.S., Shi, G., Liu, Z., Rasmussen, J.B. and Faris, J.D. 
(2011) Two putatively homoeologous wheat genes mediate recognition of 
SnTox3 to confer effector-triggered susceptibility to Stagonospora nodorum. 
Plant}. , 65, 27-38. 
115 
Chapter 5: RNA sequencing of 
susceptible and non-susceptible 
wheat cultivars infected with 
Stagonospo,:_a nodorum 
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5.1 Introduction 
The previous chapters described the metabolomic approaches taken to investigate 
the wheat response to infiltration of S. nodorum effector proteins. SnToxA and 
SnTox3 induced th e production of plant secondary metabolites (phytoalexins) 
with established roles in pathogen defence. SnToxA led to the accumulation of 
metabolites derived from the tryptophan pathway including serotonin and the 
benzoxazinoid 6-methoxy-2-benzoxazolinone (MBOA) . In contrast, SnTox3 caused 
induction of the phenylpropanoid pathway evident by increases in the putatively 
identified phenylpropanoid metabolites feruloylquinic acid and chlorogenic acid. 
Chapter two investigated the effects of the SnToxA-induced metabolites serotonin 
and MBOA on growth and development of S. nodorum. These compounds were 
found to significantly inhibit the growth or asexual sporulation of S. nodorum at 
co ncentrations comparable to those produced in the plant during a natural 
infection. Published and submitted research (Dr. Britta Winterberg, Lauren Du 
Fall) describing transcriptomic, proteomic and metabolomic plant responses to the 
S. nodorum effectors SnToxA and SnTox3 all demonstrated strong plant defence 
responses (Pandelova et al., 2009; Vincent et al., 2012; Du Fall and Solomon, 2013). 
These resu lts raise the question of how S. nodorum copes with plant defe nce 
responses during infection and the induction of anti fungal plant secondary 
metabolites in particular. The answer could simply be a matter of timing; perhaps 
the effectors cause sufficient cell death allowing th e pathogen to establi sh itself 
before plant defence metabolites can accu mulate. Chapter two though, presented 
evidence suggesting that certain plant secondary metabolites do not accumulate to 
the same levels during infection of plants with multiple effector se nsitivities 
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compared to plants with only SnToxA sensitivity. It is well established that 
biotrophic pathogens secrete effectors that suppress plant defence responses in 
order to survive within a living host (Glazebrook, 2005; Jones and Dang!, 2006). It 
is conceivable that perhaps in a similar manner, necrotrophic effectors also 
suppress plant defence responses facilitating pathogen survival during the initial 
stages of infection preceding plant cell death. These questions have highlighted the 
importance of better understanding the early stages of the infection process of S. 
nodorum on wheat and identifying how the pathogen survives prior to effector-
induced host cell death. Gene expression of S. nodorum during infection was 
undertaken previously (Ipcho et al., 2010), however data was only collected from 3 
dpi due to limitations on the quantity of fungal DNA required for microarray 
technologies. The host transcriptome during infection has not been assessed. 
The aim of this chapter was to measure gene expression of S. nodorum during the 
initial stages of colonisation and the establishment of infection on wheat. A 
comparison of an infection of susceptible cultivar and a non-susceptible cultivar 
has potential to highlight how S. nodorum copes in the presence of effector-induced 
plant defence. Furthermore, this approach would simultaneously collect data 
describing the transcriptomic response of the plant during infection for future 
analysis. This study attempts to exploit the high sensitivity of next generation 
sequencing (NGS) technologies to detect fungal gene expression early during 
infection when fungal biomass is extremely low. Since its emergence in the last 10 
years, NGS has superseded Sanger sequencing, which was the platform of choice 
since its introduction in the mid 1970's (Sanger and Coulson, 1975). Several NGS 
platforms are currently used for a range of genomics applications including the 
Illumina HiSeq2000, Roche 454 FLX pyrosequencer and Applied Biosystems SOLiD 
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sequencing platform; for a revi ew see (Mardis, 2008) . These high-th roughput 
sequ encing technologies enable re latively inexpensive sequencing of billions of 
short reads per instrum ent run . NGS has been exploited for many appli cations 
including resequencing of the human genome, whole genome seq uencing of 
organisms, ep igenetics, discovery of protein binding sites, evolutionary studies, 
functional genomics and cDNA sequencing of mRNA transcripts. 
NGS of RNA is rapidly surpassing microarray techn ology as the analysis of choice 
for measuring gene express ion. An advantage of NGS over microarrays is the 
ability to detect novel transcripts without requiring prior knowledge of gene 
info rmation. Furthermore, NGS technologies have a dynamic range of more than 
8,000-fold compared to microarrays at approximately 60-fold (N agalakshmi et a l., 
2008) improving detection of low abundance transcripts . This advantage is 
especially applicable for characterisation of the complex nature of host-pathogen 
interactions where the ratio of fungal biomass to plant ti ssue is extremely low. 
Although RNA sequ encing has recently been utilised to analyse various host 
transcriptomes during in fec tion (Wang et al., 2012; Howard et al., 2013; Socquet-
Juglard et al., 2013; Zhu et al., 2013a), few published studi es have analysed the 
pathogen transcriptome during the initial stages of an infection. The firs t mixed 
fungal-p lant transcriptome to be analysed was that of th e symbi os is between 
Epichloe festucae and Loli um perenne (Eaton et al., 2010). A more recent study 
involved RNA seq uencing of a Barley powdery mildew (Blumeria graminis f. sp . 
Hordei) infection of non-host immunoco mp romised tra nsge nic Arabidopsis 
thaliana plants express ing the mildew res istance locus A (MLA) im mune receptor 
(Hacquard et al., 2013). Data were collected from 48 samples at 6, 12, 18 and 24 
hpi and an average of 752,973 pathogen-derived reads per sample were sequ enced 
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and differential gene expression was detected. The A. thaliana genome is 
approximately 135 Mb and the B. graminis genome is approximately 120 Mb. The 
analysis of the S. nodorum (38 Mb genome size) interaction with wheat (16 Gb 
genome) presents a considerably more challenging task. 
The Illumina NGS platform was chosen to perform RNA sequencing of the host and 
pathogen transcriptome during the early stages of an S. nodorum infection of 
wheat. lllumina HiSeq2000 100 bp paired-end sequencing was established to be 
the most cost effective technology considering the large quantity of data typically 
generated. Illumina sequencing generates shorter reads in comparison to the 200-
400 bp reads obtained using Roche 454 pyrosequencing technology. Although 
short reads can make a difficult task of de nova transcriptome assembly, paired-
end reads somewhat alleviate this by providing information from reads spanning a 
genomic region without sequencing the entire length (Liu et al., 2012a). 
Fungal gene expression during an S. nodorum infection of the susceptible and non-
susceptible wheat cultivars Grandin and BR34 was analysed to determine which 
genes in addition to the known effectors may contribute to pathogen survival prior 
to effector-induced plant cell death. Grandin contains two dominant genes 
conferring sensitivity to the two effectors SnToxA and SnTox3 produced by S. 
nodorum wild type strain SN15 (Liu et al., 2006; Liu et al., 2009). BR34 is not 
susceptible to SnToxA or SnTox3 and does not contain any known susceptibility 
genes. 
5.2 Materials and methods 
5.2.1 Plant material and growth conditions 
Triticum aestivum cv. Grandin and BR34 Esusceptible and non-susceptible to S. 
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nodorum respectively) were grown in grade 3 vermi culite (Auspearl , NSW, 
Australia) fo r two weeks in glassho use conditions. Seeds were sterilised prior to 
planti ng for 10 minutes (1 % hydrogen peroxide (12.5%), 5% ethanol, 94% dH 20) 
and rinsed twice with dH 20. 
5.2.2 Fungal strain and growth conditions 
S. nodorum wild type strain SN15 was provided by the Department of Agriculture 
and Food, Govern ment of Western Australia, South Perth, WA, Australia. The 
fu ngus was grown routinely on V8PDA agar (Sucrose 30 g/L, NaN03 2 g/L, 
NaH2P04 1 g/L, agar 15 g/L and 10 mL/ L of 100x trace stock containing KC! 50 
g/L, MgS04.7H20 50 g/ L, ZnS04.7H20 1 g/L, FeSQ4.7H20 1 g/L, CuS04.5 H20 0.25 
g/L). Plates were incubated at 22cc in a 12h light and dark cycle. 
5.2.3 Detached leaf assays 
Detached leaf assays (DLAs) were performed to observe the infection process of S. 
nodorum on susce ptible and non-susceptible wheat cultivars. The first true leaf of 
two-week-o ld seedlings was removed and the distal end (2 cm) discarded. Each 
end of a 4 cm segment was embedded into agar (15 g/L containing 0.03 g/L 
benzimidazo le) adaxia l side up. The leaves were inoculated with a suspension of S. 
nodorum spores (5 µI, 1x106 spores/mL) in water conta ining 0.02% Tween 20. 
Plates were sealed with cling film and kept at 22 cc and a 12h cycle of light and 
dark for the infection to progress. 
5.2.4 Trypan blue stain and light microscopy 
Leaf sections were heated at 100 cc for 5 minutes in Trypan blue sta ining solution 
containi ng 2 mL Trypan blue 0.4% (Invitrogen), 5 mL glycerol (70 % w/v), 5 mL 
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phenol and 3 mL of water. Leaves were destained over night at room temperature 
in chloral hydrate (2.5 g/mL) and stored in 70% glycerol. Trypan blue stained 
leaves were viewed using an Axioplan universal microscope (Zeiss, Germany). 
5.2.5 Re-isolation of Stagonospora nodorum from detached leaves 
Necrotic sections of the leaves were excised from the detached leaf assays and 
emerged in a sterilisation solution for 10 minutes (1 % hydrogen peroxide, 5% 
ethanol). The sterilisation solution was discarded and leaves rinsed twice with 
sterile water. Leaf sections were placed on tap water agar plates (15g/L) 
containing 100 µg/mL ampicillin and 30 µg/mL streptomycin. Plates were sealed 
with cling film and incubated at 22 °C for 3-4 days. When mycelia were visible 
growing from the leaf sections, 0.5 mm2 blocks of agar were removed using a 
sterile scalpel and placed onto V8PDA agar. Plates were sealed with micropore 
tape and incubated at 22 °C. 
5.2.6 Generation of samples for RNA sequencing 
At 14 days, plants were spray inoculated with freshly isolated S. nodorum spores at 
a concentration of lx10 6 /mL. Plants were transferred to a dark humid 
environment for 48 hrs to provide conditions conducive for infection. At 8, 24 and 
48 hpi, 2.5 cm leaf sections near the end of the first true leaf were collected, 
immediately frozen in liquid nitrogen and stored at -80 °C until RNA extraction. 
5.2.7 RNA extraction 
Frozen plant tissue in 2 mL safe lock Eppendorf tube containing a 5 mm stainless 
steel bead was ground using a TissueLyser (Qiagen, Hilden, Germany). Total RNA 
was extracted from approximately 20 mg of the ground frozen plant tissue using 
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the Sigma Plant Total RNA kit acco rding to manufacturer's instructions. RNA was 
eluted in 50 µl of the provided elution buffer and checked for integrity and 
co ncentration on a 1 % TBE agarose gel and Qubit 2.0 Fluorometer (lnvitrogen, 
Carlsbad, CA, USA). RNA was prepared from three biological replicates and used 
for independent library preparations. 
5.2.8 Illumina sequencing 
Library construction using the lllumina TruSeq RNA sample preparation kit and 
Illumina HiSeq2000 RNA sequencing (100 bp, paired-end) was performed by the 
Ramaciotti Centre for Gene Functional Analysis (University of New South Wales, 
Sydney, Australia). Six libraries were run per lane with the three biological 
rep li cates of each time point distributed across the three lanes. 
5.2.9 Bioinformatic analysis 
5.2.9.1 Quality control 
Short reads were trimmed using Trimmomatic vers ion 0.30 in paired-end mode 
(Bolger and Giorgi, 2013) . A sliding window was used to remove reads once the 
average Ph red quality score across four bases fell below 20. Adapter clipping was 
also performed to remove any remaining Illumina adapter sequences. 
5.2.9.2 Alignment to the S. nodorum genome 
Reads were mapped to the published S. nodorum genome version two 
(http://www.broadinstitute. 
org/annotation/genome/stagonospo ra_nodo rum/M ultiHome.html) using Top Hat 
version 2.0.9 (Trapne ll et al., 2009). The trimmed paired and unpaired reads were 
aligned using an indexed genome constructed by Bowtie version 2.1.0 (Langmead 
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and Salzberg, 2012). Reads mapping to more than two genomic regions were 
discarded. The aligned files for each replicate containing mapped paired and 
unpaired reads were merged using SAM tools version 0.1.19 (Li et a l., 2009). 
5.2.9.3 Identification of most highly expressed fungal genes 
All aligned fil es across the entire dataset were merged to identify genes with the 
highest expression. To estimate the level of plant derived reads non-specifically 
aligning to the fungal genome, a data file containing sequence information of RNA 
extracted from uninfected plant tissue (generated by D. Britta Winterberg) was 
aligned to the S. nodorum genome. Fungal specific alignments were generated by 
subtracting areas of overlapping ge ne expression between th e plant and fungal 
datasets using the intersect tool from th e BEDTools toolkit version 2.17.0 (Quinlan 
and Hall, 2010). The total coverage of each gene across the entire dataset was 
es timated using the multicov tool from the BEDTools suite. Coverage values were 
normalised to the transcript length to generate reads per kilobase of exon model 
(RPK) values to avoid overrepresentation of longer sequences statistically more 
likely to have higher coverage. These normalised values we re used to generate a 
list containing 104 of the most highly exp ressed fungal ge nes with normalised 
coverage values above 0.05 across the dataset. AN OVA ()MP version 10, SAS 
Institute Inc.) was perform ed to determine significant differences (p < 0.05) in 
gene expression on the two cultivars over the time course of the experim ent. An 
FDR method was applied (Benjamini and Hochberg, 1995). The Student t-test 
statistic was used to determine significant differential gene expression at each 
time point (p < 0.05). 
124 
5.2.9.4 Retrieval of protein sequences and functional analysis 
To retrieve the gene ID (SNOG number) of the expressed regions, a BLAST 
database was created using the published S. nodorum sequence information. The 
gene ID was subsequently used to retrieve the protein sequences for all of the 
expressed fungal genes using the getfasta tool from the BEDTools suite. The 
protein sequences of expressed genes were searched against the NCBI online 
protein databases for significant matches (Expect value cut off le-10) using 
Biopython vers ion 1.62 (Cock et al., 2009). SignalP 4.1 (Petersen et al., 2011) was 
used to predict the presence of a signal peptide or transmembrane domain within 
the protein. Gene Ontology (GO) (Ashburner et al., 2001) and EuKaryotic 
Ortho logous Groups (KOG) (Koonin et al., 2004) databases were searched using 
the Joint Genome Institute (JG!) portal (http://genome.jgi-
psf.org/Stano2/Stano2.home.html). 
5.3 Results 
5.3.1 Characterization of the Stagonospora nodorum and wheat 
interaction on susceptible and non-susceptible cultivars 
The viabi li ty of plant cell s during an S. nodorum infection of the wheat cu ltiva rs 
BR34 and Grandin (non-susceptible and susceptible respectively) was assessed 
using trypan blue viabi li ty staining. Trypan blue is an exclusion dye not absorbed 
by plant cells with intact membranes and can therefore be used as an indicator of 
plant cell death. Microscopy of infected leaves revealed the onset of spore 
germination on the leaf surface at 6 hpi (Fig. 5.1). At this time, no trypan blue 
stained plant cells were observed indicating no plant cell death at this early stage 
of infection (Fig. 5.2 A and B). By 24 hpi, trypan blue stained plant cells were 
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SO µm 
Fig. 5.1 
A representative microscopy image illustrating germination of S. nodorum spores 
on the leaf surface at 6 hpi . 
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Fig. 5.2 
Microscopy images illustra ting plant cell death during an infection on non-
susceptib le BR34 (A, C and E) and susceptible Grandin (B, D and F) cu ltivars at 8, 
24 and 48 hpi with 5. nodorum. Infected leaves were stai ned with trypan blue 
viab il ity stain to observe plant cell death . 
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observed suggesting the onset of a low level of plant cell death (Fig. 5.2 C and D). 
There was no observable difference between infections of the two cul ti vars at this 
stage. At 48 hpi, trypan blue stained plant cells were present across the inoculation 
site of both cultivars indicating wide spread plant cell death (Fig. 5.2 E and F). 
Microscopy of fungal hyphae on the leaf surface revealed no visible difference in 
the level of growth of S. nodorum between the susceptible and non-susceptible 
cultivar at 20 or 48 hrs post inoculation (Fig. 5.3 A-D). 
At 3 dpi, the number of cells stained with trypan blue was not visibly different to 
the level observed for either cultivar at 48 hpi (Fig. 5.4 A and B). At 4 dpi, 
differences between the infections on susceptible Grandin and non-susceptible 
BR34 were apparent. Brown areas of plant tissue amongst the stained blue cells 
were observed on leaves of the susceptible cultivar Grandin (Fig. 5.4 D and F). 
These areas represent necrotic tissue where cells had completely collapsed and no 
longer absorbed the trypan blue stain. In contrast, the levei of cell death observed 
for the non-susceptible BR34 at 4 and 5 dpi increased only marginally and no areas 
of complete necrosis were visible (Fig. 5.4 C and E). Therefore, it is at 4-5 dpi that a 
real differentiation was obvious in the level of plant cell death and necrosis on 
susceptible and non-susceptible cultivars. This was apparent on infected leaves, 
which show an established infection and significant chlorosis and necrosis on 
Grandin at 5 dpi at which time lesions on BR34 were barely visible (Fig. 5.5). The 
level of plant cell death indicated by trypan blue staining at 17 dpi on BR34 (Fig. 
5.6) was not significantly different from the level observed at 5 dpi (Fig. 5.5 E) 
indicating that the infection process was essentially arrested after five days. To 
determine if S. nodorum had survived within the plant during infection of a non-
susceptible cultivar at three weeks, an attempt was made to re-isolate the fungus 
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Fig. 5.3 
Microscopy images illustrating the growth of fungal mycelia on th e leaf surface of 
non-susceptibl e BR34 (A and C) and susceptible Grandi n (B a nd D) wheat cultivars 
at 20 (A and 8) a nd 48 (C and D) hpi with S. nodorum. Black arrows indicate areas 
of hyp hal growth on the surface of th e leaf. 
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Fig. 5.4 
Microscopy images illustrating plant cell death during infection of non-susceptible 
BR34 (A, C and E) and susceptible Grandin (B, D and F) wheat cultivars at 3, 4 and 
S dpi with S. nodorum. Infected leaves were stained with trypan blue viability stain 
to observe plant cell death. Brown areas of leaf represent tissue that has 
undergone complete necrosis and failed to absorb trypan blue stain. 
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Fig. 5.5 
Detached leaf assays (DLAs) illustrating lesion form ation on th e non-susceptible 
wheat cu ltiva r BR34 (A) and susceptible cultivar Grandin (B) at 5 dpi with S. 
nodorum spores. 
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Fig. 5.6 
Microscopy image of a representative leaf section of the non-susceptible cul ti var 
BR34 at 17 dpi with S. nodorum. Infected leaves were stained with trypan blue to 
observe plant cell death. 
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from surface sterilised leaves . Mycelia grew from th e lea f sections within days and 
culti va tion on co mplex media confirmed survival of 5. nodorum within the lea f 
(data not shown) . 
5.3.2 Preparation of RNA for Illumina sequencing 
5.3.2.1 Validation of a successful infection 
Fo r RNA sequencing of susceptible and non-susceptible wheat cultivars, infected 
plants were collected at 8, 24 and 48 hpi prior to the appearance of visible lesions. 
The infections of several plants of each cul ti var were left to progress and develop 
visible symptoms as typically observed. At two weeks post infection, no visible 
lesions were present on the non-susceptible cultivar BR34 (Fig. 5.7 A) . In contrast, 
lesions were visible on the susceptible cultivar Grandin at 8 dpi an·d after two 
weeks symptoms had developed evenly over the surface of the leaf indicating a 
success ful infection (Fig. 5.7 B). This validated the expected phenotypes of samples 
for subsequent RNA extraction. 
5.3 .2 .2 Extraction of RNA 
RNA was extracted from th e infected plant tissue and run on a 1 % TBE agarose gel 
to confi rm integrity prior to submissio n of samples for sequencing. The RNA 
extracted from all samples ap peared to be intact and of good quality (Fig. 5.8). RNA 
concentrations were measured and all were within an accep tab le range of 300-800 
ng/µL (Table 5.1) . 
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Fig. 5.7 
Photograph illustrating lesion formation on the non-susceptible cultivar BR34 (A) 
and the susceptible cul ti var Grandin (B) two weeks after inoculation of plants with 
S. nodorum for RNA sequencing experiments. 
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Fig. 5.8 
Gel pictures of RNA iso lated from 3 biological replicates of susceptible (Grand in, 1-
3) and non-susceptible (BR34, 4-6) wheat cu ltivars at 8, 24 and 48 hours (A, Band 
C respectively) pos t infection with S. nodorum. A 1kb ladder was run in the first 
lane of each gel (L). 
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Table 5.1 
Qubit concentration of RNA extracted from non-susceptible (BR34) and susceptible 
(Grandin) wheat cultivars infected with Stagonospora nodorum. 
Time RNA Total in 50ul 
Cultivar I Replicate 
(hrs) concentration (ng/µI) (µg) 
BR34 8 1 656 32.8 
BR34 8 2 535 26.75 
BR34 8 3 502 25 .1 
BR34 24 1 792 39.6 
BR34 24 2 328 16.4 
BR34 24 3 662 33.1 
BR34 48 1 306 15.3 
BR34 48 2 522 26.1 
BR34 48 3 444 22.2 
Grandin 8 1 382 19.1 
Grandin 8 2 552 27.6 
Grandin 8 3 730 36.5 
Grandin 24 1 638 31.9 
Grandin 24 2 344 17.2 
Grandin 24 3 246 12.3 
Grandin 48 1 448 22.4 
Grandin 48 2 404 20.2 
Grandin 48 3 362 18.1 
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5.3.3 Bioinformatic analysis of RNA sequencing data 
5.3.3.1 Quality control and alignment 
Sequenced reads were trimmed with moderately strict parameters removi ng low 
quality sequence near th e end of the 100 bp reads. Of the 66-80 million reads per 
replicate, approximately 800,000-1 million reads were trimmed based upon a 
phred qua lity sco re of less than 20, which represents a 1 % probability of an 
incorrect base call. Trimmed reads were aligned to the S. nodorum genom e. The 
alignment rate for each sample was less than 0.5% reflecting th e extremely low 
level of fungal biomass compared to plant during 8 to 48 hpi. 
5.3.3.2 Identification of fungal specific transcripts 
Jllumina sequencing data ge nerated from uninfected plant RNA (unpublished data, 
Britta Winterberg) was utilised to observe the level of plant-derived reads aligning 
to regions of the S. nodorum genome. The alignment rate was similar to the< 0.5% 
obtained for infected plant samples, indicating that the number of fungal speci fi c 
reads was extremely low. A total of 499,358 reads were removed that overlapped 
with plant reads. Of the reads removed, 98.9% were all identifi ed as riboso mal 
RNA. Only 3,639 of the removed sequ ences co rresponded to transcripts as 
annotated in vers ion two of the S. nodorum genome. The three mRNAs with the 
largest number of reads removed corresponded to ubiquitin (1477 reads) , a 
protein with a conserved LbetaH domain (521 reads) and polyubiquitin (341 
reads). There were 69,084 remaining fungal reads across the entire dataset 
spanning 6,422 unique fungal mRNAs. 
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5.3.3.3 Coverage and normalization to transcript length 
Across the entire dataset, a total of 122 unique mRNAs had SO or higher reads 
aligned and 46 mRNAs had over 100 reads align. The coverage of each gene was 
normalised to transcript length to avoid discriminating against genes with a lower 
coverage as a result of a shorter length . In total, 104 genes with a normalised 
coverage value of greater than 0.05 were determined as expressed and selected for 
further analysis (Appendix Table 8.3.1). These genes covered 0.5% of the 
estimated size of the entire transcriptome of S. nodorum. The highest coverage of 
764 reads was for the region of 1827 bp corresponding to the SNOG_00148 gene. 
This gene also had the highest coverage across a single condition with an average 
of 133 reads aligning per replicate in Grandin at 8 hpi. 
5.3.4 Characterisation of genes with potential roles in pathogenicity 
5.3.4.1 Characterization of most highly expressed fungal genes 
BlastP analysis of the protein sequences of all expressed genes against the on line 
NCBI database, revealed 17 unique proteins (Appendix Table 8.3 .2). These were 
determined unique on the basis ofno significant sequence similarities to other 
proteins as defined by an Expect (E) va lue of less than le-10. Nine of these unique 
proteins were predicted to contain signal peptides suggesting they are secreted. 
One of the 17 unique proteins was predicted to harbour a transmembrane domain. 
Importantly, these unique proteins included the three identified effector proteins 
produced by 5. nodorum, SnToxA, SnTox3 and SnToxl . The presence of these 
effectors in this list validates the approach taken to analyse the RNA sequencing 
data. The majority of the remaining S. nod arum genes considered expressed 
encode proteins with varying levels of similarity to proteins encoded by the 
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genomes of other necrotrophic pathogens. These include several potential 
glycoside hydrolases, cell wa ll proteins and primary metabolism enzymes. 
Of the 104 genes considered expressed in the dataset, 66 displayed the high est 
expression levels at 24 and 48 hpi (Appendix Table 8.3.1). Interestingly, the 
remaining 36% were expressed at the highest levels at 8 hpi, the majority 
decreasing significantly by 24 hpi. This can be visualised by performing 
hierarchical clustering analysis (HCA) of gene expression (Fig. 5.9). Forty genes 
were signifi cantly differentially expressed (p < 0.05) between infections of th e two 
cultivars BR34 and Grandin across the data set. There were only two examples of 
genes with higher exp ression values at 8 hpi on BR34 however neither was 
significant. SNOG_08675 and SNOG_l0567 were the only two genes that showed 
significantly higher levels (p < 0.05) of expression in BR34 at 48 hpi compared to 
Grandin. The encoded proteins had significant similarities to proteins from other 
necrotrophic pathogens. SNOG_08675 was similar to an alcohol dehyd rogenase 
and SNOG_10567 to masl and mas 3 proteins. MAS1 and MAS3 genes have been 
identified as funga l viru lence factors in Magnaporth e oryzae (Soanes and Talbot, 
2005). Both of these genes were expressed earli er during infection on Grandin 
suggesting that gene expression on BR34 was perhaps delayed. 
5.3.4.2 A recently predicted gene demonstrated the highest RNA 
sequencing coverage during infection 
The 464 bp region on scaffold 15 at position 237,171-237,635 had the highes t 
coverage per base across th e entire dataset. This regio n was not annotated as a 
gene in vers ion one of the S. nodorum ge nom e and the nucleotide sequence was 
not presen t until the current published version two. Therefore the exp ress ion of 
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Fig. 5.9 
Hierarchical cluster 
analysis (HCA) 
illustrating the fungal 
gene expression 
patterns during 
infection of S. 
nodorum on 
susceptible Grandin 
and non-susceptible 
BR34 at 8, 24 and 48 
hpi. Two-way 
clustering was 
performed to group 
time and cultivar 
based on similarities 
in gene expression. 
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Expressio n of th e S. nodorum region w ith the highest number of reads per kil o base 
of exo n mode l (RPK) during in fec ti on of w heat as determined by RN A sequencing. 
Thi s region was expressed at s ignifi ca ntly higher overall levels dur ing an in fection 
of the susceptible cultivar Gra ndin (p < 0.05) co mpared to non-susceptible BR34. 
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this gene was not detected in the previous microarray experiment as this 
technology requires prior knowledge of genes. This region has recently been 
annotated as a gene however a SNOG number was not available. This gene is 
expressed at significantly higher levels (p < 0.05) during infection on Grandin at 24 
hpi compared to BR34 (Fig. 5.10). No expression was detected at 8 hpi on either of 
the cultivars. The nucleotide sequence was translated using the ExPASy translate 
tool to retrieve potential protein coding sequences. One of these protein sequences 
had similarities to several proteins from necrotrophic pathogens. The best match 
was to the hypothetical protein PTRG_00335 from P. tritici-repentis. These protein 
sequences share a conserved domain of unknown function (DUF2823) . This 
domain encompasses proteins assigned as potential glucose-repressible proteins 
and indeed a number of the fungal proteins sharing this domain were identified as 
such. The protein sequence was not predicted to contain a signal peptide or 
transmembrane domain. The fact that this gene was the highest expressed from 
RNA sequencing data highlights the importance of identifying this recently 
predicted gene and determining its role in an S. nodorum infection. 
5.3.4.3 Potential effector candidates 
Analysis of RNA sequencing data describing fungal gene expression during the 
early stages of infection revealed a number of genes with properties often 
associated with fungal effector proteins. Eight candidate effector genes were 
selected on the basis of a number of typical effector properties including unique 
sequence, predicted signal peptide, high cysteine content and early expression in 
plan ta. The details of each are contained in Table 5.2. 
SNOG_00148 was the most highly expressed fungal gene across the entire data set. 
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Table 5.2 
List of Stagonospora nodorum genes discussed as candidate effectors or genes involved in the perception of host and estab lishment 
of infection. The stud ent t-test was used to compared between susceptible Grandin and non-susceptible BR34 at 8, 24 or 48 hours 
post infection. Analysis of var iance (ANOVA) was performed to detect differential gene expression (p < 0.05) across th e entire 
dataset. 
No. TTEST results ANOVA 
Gene ID Signal No. amino % BR34 vs B8vs B24vs B48vs B8vs GB vs p cysteines 
acids cysteines Grandin GB G24 G48 B48 G48 Time Cultivar 
SNOG_10667 y 6 365 1.6 0.107 0.010 0.762 1.000 0.094 0.002 <.0001 0.016 
SNOG_00148 y 2 405 0.5 0.031 0.017 0.038 0.287 0.037 0.014 <.0001 0.003 
SNOG_07085 y 2 81 2.5 0.274 0.423 0.423 - 0.742 1.000 0.891 0.243 
SNOG_20030 N 9 35 25.7 0.214 0.225 0.742 0.225 0.667 0.808 0.615 0.205 
SnTox3 y 6 220 2.7 0.070 0.038 0.423 0.618 0.423 0.885 0.599 0.011 
SNOG_15917 y 2 188 1.1 0.000 0.018 0.003 0.014 0.026 0.595 0.544 <.0001 
SNOG_20127 N 7 26 26.9 0.169 0.423 0.423 0.423 - 0.580 0.345 0.105 
SNOG_01331 y 6 264 2.3 0.038 0.042 0.300 0.826 0.314 0.016 0.229 0.003 
SNOG_l1512 N 11 214 5.1 0.368 0.242 0.225 0.510 0.478 0.524 0.174 0.236 
SnToxA y 2 178 1.1 0.027 - 0.248 0.261 0.270 0.241 0.089 0.007 
SnToxl y 13 117 11.1 0.060 0.044 0.336 0.63 5 1.000 0.128 0.062 0.020 
SNOG_05468 y 4 455 0.9 0.004 0.004 0.423 0.049 0.093 0.111 0.039 0.002 
SNOG_l2995 y 1 167 0.6 0.040 0.006 0.478 0.529 - 0.024 0.007 0.002 
Unidentifi ed N 0 80 0.0 0.019 - 0.029 0.192 0.117 0.013 0.003 0.003 
SNOG_11847 y 1 243 0.4 0.015 0.018 0.100 0.403 0.184 0.001 0.002 0.001 
SNOG 02647 N 1 67 1.5 0.118 0.0 36 0.059 0.270 0.858 0.023 0.000 0.002 
Analysis of variance (ANOVA) demonstrated this gene was expressed at 
significantly higher levels (p < 0.005) during infection on Grandin. Expression at 8 
hpi on Grandin was signifi cantly higher (p < 0.05) than on BR34 (Fig. 5.11 A). The 
gene encodes a 405 amino acid hypothetical protein with no putative conserved 
domains and no homology to other known proteins using the NCBI database. 
SNOG_00148 is estimated to have a signal peptide cleaved between amino acid 
position 21 and 22 and no transmembrane domain. The Joint Genome Institute 
(JG!) EuKaryotic Orthologous Groups (KOG) tool predicted SNOG_00148 as a 
potential transcription initiation factor involved in protein biosynthesis. The JG! 
database also identified the presence of a ROK (Repressor, Open reading frame, 
Kinase) domain. These domains include transcriptional repressors, sugar kinases 
and yet uncharacterized open reading frames. SNOG_00148 contains a high 
number of short repeats (145 GGT sequences) and is extremely glycine rich (38% 
of the predicted protein) . 
SNOG_12995 is a gene encoding a unique hypothetical 167 amino acid protein with 
no significant sequence similarities. AN OVA revealed SNOG_12995 was 
significantly differentially expressed (p < 0.005) in S. nodorum during infection on 
Grandin and BR34 from 8 to 48 hpi. The largest difference in expression was at 8 
hpi, which was significantly higher (p < 0.01) during infection on Grandin (Fig. 5.11 
B). Expression levels decreased by 24 and 48 hpi and were no longer significantly 
different to the non-susceptible cultivar BR34. SNOG_12995 was predicted to 
belong to the KOG class of signal transduction mechanisms as a potential 
serine/threonine protein kinase. The protein is predicted to have a signal peptide 
cleaved between amino acid position 20 and 21 . 
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Fig. 5.11 
Expression of genes encoding proteins identified as effector candidates 
SNOG_00148 (A), SNOG_12995 (B) and SNOG_02647 (C) and SNOG_Ol33 1 (0). 
Grap hs illustrate fungal gene expression du r ing in fec tions of th e susceptible 
cultivar Grandin and non-susceptible BR34 at 8, 24 and 48 hours post infection 
(hpi). All de monstrated significantly higher express ion (p < 0.05) at 8 hpi du ring 
in fection of susceptible plants. 
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SNOG_02647 encodes a 67 amino acid hypothetical protein with no signal peptide 
and no putative conserved domains. Expression was significantly higher (p < 0.05) 
during infection on Grandin at 8 hpi (Fig. 5.11 C). SNOG_02647 has no homology to 
other known proteins and has not been assigned any degree of functional 
annotation. 
SNOG_01331 is a 264 amino acid hypothetical protein with a predicted signal 
peptide and a putative conserved domain belonging to the CAP superfamily 
(Cysteine-rich secretory proteins, Antigen 5 and Pathogenesis-related 1 proteins). 
Indeed, this protein has a relatively high cysteine content at 2. 7%. ANO VA revealed 
this gene was differentially expressed (p < 0.005) between infections of Grandin 
and BR34. SNOG_01331 was expressed at the highest level in a compatible 
interaction at 8 hpi and was significantly higher (p < 0.05) than expression during 
infection on BR34 (Fig. 5.11 D) . SNOG_01331 shares a significant level of similarity 
to proteins from other necrotrophs. The highest similarity was to a hypothetical 
protein from Setosphaeria turcica (le-60) . None of the proteins that share 
sequence similarities have been characterised. 
Data also contained a number of expressed S. nodorum genes that had low 
coverage and were not differentially expressed during infection on the susceptible 
and non-susceptible cultivars. SNOG_07085 is a unique 81 amino acid protein 
predicted to contain a signal peptide and had a relatively high 2.5% cysteine 
content. No additional functional characterisation is available for this gene. 
SNOG_11 512 is a unique 214 amino acid protein with no predicted signal peptide 
although contained 5% cysteines. SNOG_2 0030 and SNOG_20127 both have 
extremely high cysteine contents at 26% and 27% respectively and are both also 
very short proteins consisting of 35 and 26 amino acids. The predicted protein 
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sequences of these two genes do not contain a predicted signal peptide. 
5.3.4.4 Rapidly induced genes with potential in host perception 
An alysis of RNA sequencing data revealed differential expression of a number of 
genes that were expressed at signifi cantly higher levels as early as 8 hpi during 
infection on susceptible Grandin. The expression of the majority of these genes had 
subsided by 24 hpi and th ey were no longer differentially expressed at this time 
point. The effector candidates SNOG_00148, SNOG_12995, SNOG_02647 and 
SNOG_01331 already described also fall into this group. There were several 
additional genes that exhibited this pattern of expression that were not considered 
as effector candidates. These genes and th e effector candidates are potentially 
involved in the early perception of different hosts and may be instrumental in the 
establishment of a successfu l infection. The details of each are contained in Table 
5.2. 
SNOG_11847 had th e fourth highest overall expression across the dataset. AN OVA 
revea led this gene was significantly (p < 0.001) differentially expressed between 
infections of Grandin and BR34. SNOG_1184 7 was expressed at significantly (p < 
0.05) higher levels on Grandin at 8 hpi before decreasing and remaining steady at 
24-48 hpi (Fig. 5.12 A). SNOG_ll847 encodes a hypothetical 243 amino acid 
protein with no putative conse rved domains and is predicted to have a signal 
peptide cleaved between amino acid 17 and 18. The protein seq uence shares 
s imilariti es to predi cted and hypoth etical proteins from other necrotrophic 
pathoge ns including Leptosphaeria macu lans, Pyrenophora teres and S. turcica. The 
closest identified protein is a C protei n immunoglobulin-A-binding beta antigen 
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Expression of the S. nodorum genes SNOG_11847 (A), SNOG_15917 (8), 
SNOG_05468 (C) and SNOG_10667 (D). Graphs illustrate fungal gene expression 
during infections of the susceptible cultivar Grandin and non-susceptible BR34 at 
8, 24 and 48 hours post infection (hpi) . All genes demonstrated significantly 
higher expression (p < 0.05) at 8 hpi during infection of susceptible plants. 
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from P. tritici-repentis Pt-lC-B FP (le-19) . SNOG_l 184 7 has been assigned to the 
KOG group of cellular processes and signalling, as a potential serine threonine 
protein kinase involved in s ignal transduction. 
AN OVA of SNOG_15917 express ion showed this was th e most s ignifi ca ntly (p < 
0.0001) differentia lly expressed gene between infections of Grandin and BR34. It 
was expressed at highest levels on Grandin at 8 hpi, which were significantly 
higher (p < 0.05) th an for BR34 (Fig. 5.12 8). Express ion decreased at 24 hpi 
before increasing again at 48 hpi where expression was again s ignificantly higher 
than for BR34. SNOG_15917 has a predicted signal peptide an d encodes a 188 
amino acid hypothetical prote in with no putative conserved domains. SN OG_15917 
has limited similarity to proteins from other organisms; th e highest match to a 
predicted protein from L. maculans (le-2 6, XP_003837692). The 10 proteins with 
the highest alignment scores were a ll hypothetical proteins. SNOG_15917 has been 
assigned to the KOG class of carbohydrate transport and metabolism described as 
a potential beta-1,6-N-acetylglucosaminyltransferase containing a WSC (pu tative 
carbo hydrate binding) domain. 
SNOG_05468 was expressed at significantly higher leve ls (p < 0.005) during 
infection on Grandin co mpared to BR34 (Fig. 5.12 C) . The highest expression levels 
were observed at 8 hpi at s ignificantly (p < 0.005) higher levels on Grandin. 
Express ion decreased at 24 hpi, increas ing again by 48 hpi. SNOG_05468 encodes a 
455 a mino acid hypothetical protein with a predicted signal peptide. This gene 
contains a conserved secretory lipase domain and shares high seq uence similar ity 
with prote ins from a large number of oth er necrotrophic pathogens. A number of 
these proteins have been an notated as secretory Ii pases. 
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SNOG_l0667 was expressed at significantly (p < 0.01) higher levels in a compatible 
interaction at 8 hpi and decreased significantly to the levels in a non-susceptible 
cultivar by 24 hpi (Fig. 5.12 D) . SNOG_l0667 encodes a 365 amino acid 
hypothetical protein with a predicted signal peptide and putative conserved 
domain of unknown function (DUF3129) . This protein shares the highest similarity 
(?e-119) to a hypothetical protein from L. maculans with the same highly 
conserved domain. A number of the proteins sharing the conserved domain have 
been identified as CAS1 (CRISPR (Clustered Regularly lnterspaced Short 
Palindromic Repeats)-associated sequences) proteins from Col/etotrichum 
gloesporioides, Metarhizium anisopliae and Verticillium dahlia. SNOG_10667 has 
been assigned to the cellular processing and signalling KOG group as potentially 
belonging to a subclass of extracellular structures. 
5.3.4.5 Gene expression of Stagonospora nodorum proven effector 
proteins 
RNA sequencing data collected for this study demonstrated SnToxA (SNOG_16571) 
was expressed at significantly higher levels (p < 0.01) during an infection on 
Grandin compared to BR34 (Fig. 5.13 A, Table 5.2). SnTox3 (SNOG_08981) was 
also expressed at significantly higher levels (p < 0.05) during infection of the 
cultivar Grandin compared to BR34 (Fig. 5.13 B). At 8 hpi, SnTox3 express ion was 
significantly higher (p < 0.05) during infection on Grandin compared to BR34; 
there was no significant difference at 24 or 48 hpi. SnToxl (SNOG_20078) was also 
expressed at significantly higher overall levels (p < 0.05) during infection on 
Grandin compared to BR34 (Fig. 5.13 C) . SnToxl was expressed at the highest level 
at 8 hpi, which was significantly (p < 0.05) higher than for BR34. The trend shows a 
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Fig 5.13 
Gene express ion of the S. nodorum effectors SnToxA (A), SnTox3 (BJ and SnToxl 
(C) during infection of the susceptib le cultivar Grandin and non-su sceptible BR34 
at 8, 24 and 48 hours post infection (hpi). 
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decrease in expression by 24 hpi and a further decrease by 48 hpi, with no 
significant difference in expression levels on the two cultivars at these time points. 
5.4 Discussion 
5.4.1 Aims 
An RNA sequencing approach was taken to investigate transcriptional changes 
occurring during the initial stages of an S. nodorum infection on wheat. Gene 
expression was measured at 8, 24 and 48 hpi of a susceptible and non-susceptible 
cultivar. The aim was to determine which ge nes aside from the known S. nodorum 
effectors are involved in the development of a successful infection. Of particular 
interest was the potential to gain insight into the mechanisms by which S. nodorum 
survives the initial stages of infection prior to effector-induced plant cell death. 
5.4.2 S. nodorum growth is arrested during infection of a non-
susceptible host but the pathogen is able to survive in the host 
The progression of S. nodorum infection on the susceptible and non-susceptible 
cultivars Grandin and BR34 was monitored with trypan blue viability sta ining and 
light microscopy. There was no observable difference in the onset of spore 
germination at 6 hpi or hyphal growth at 24 and 48 hpi between a susceptible and 
non-susceptible cu l ti var. Furthermore, the level of plant cell death progressed at 
the same rate for both susceptible and non-susceptible cultivars. By 4-5 dpi a clear 
differentiation in th e phenotype of plant tissue could be made between th e 
susceptible and non-susceptible cul ti vars. Leaves of the susceptible cul ti var 
Grandin rapidly developed areas of brown tissue indicating complete necrosis of 
plant cells. This phenotype was not observed for BR34 at 4-5 dpi and microscopy 
showed the level of plant cell death in these plants had not visibly increased by 
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three weeks after infection. There were also no visible necrotic lesions at the 
macroscopic leve l three weeks post infection. This demonstrates that th e plant cell 
death induced during the first 48 hrs after infection was a limited programmed cell 
death (PCD) response. The plant reaction in both cultivars during the initial 1-4 dpi 
is likely a response to pathogen associated molecular patterns (PAMPs) of S. 
nodorum. PAMP-triggered immunity (PTI) is effective at preventing successful 
infections by the majority of pathogens although it is not generally associated with 
cell death (Jones and Dang!, 2006; Zipfel, 2009). It has been demonstrated that PT! 
actually suppresses PCD (Igarashi et al., 2013) and hence the appearance of cell 
death has been used to indicate a breakdown of PT! (Chakravarthy et al., 2010). 
This may suggest that S. nodorum is capable of suppressing PT! to a certain extent 
even in the absence of the major host susceptibility genes. 
By 5 dpi, substantial levels of necrosis were observed exclusively on susceptible 
plants suggesting the interaction of effectors with their corresponding 
susceptibility genes had induced an additional and stronger plant defence 
response. This stage is typically referred to as effector-triggered immunity (ET!) 
during interactions with biotrophic pathogens. ET! is a reaction orders of 
magn itude stronger than PT! and causes extensive host cell death referred to as 
the hypersensitive response (HR) (Jones and Dang!, 2006). In contrast to 
biotrophic pathogens, HR during an infection with necrotrophs that thrive off plant 
cell death leads to effector-triggered susceptibility (ETS). 
Interestingly at three weeks post inoculation, 5. nodorum was reisolated from 
within the leaves of non-susceptible BR34 plants. Although the symptom 
development appeared to be arrested by 5 dpi, the pathogen had survived within 
the leaf in the absence of HR for at least three weeks. This is somewhat remarkable 
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for a necrotrophic pathogen that requires dead host tissue in order to obtain 
nutrients and survive. Perhaps the low level of plant-induced cell death observed 
during the 5 dpi, was a sufficient source of nutrients for the pathogen to survive in 
a latent state. Interestingly, S. nodorum was long considered an endophyte (Sieber 
et al., 1988), characterised by survival within the host without causing disease or 
eliciting strong plant defence responses (Reinhold-Hurek and Hurek, 2011). 
Endophytic fungi have been demonstrated to induce plant defence responses in 
the hosts they colonize (Compant et al., 2005) although some supress plant 
immunity in order to colonize their host plants (Lambais and Mehdy, 1993; Jacobs 
et al., 2011). 
Recent studies have demonstrated that necrotrophic pathogens are also capable of 
suppressing plant defence responses (Shlezinger et al., 2011; Weiberg et al., 2013; 
Zhu et al., 2013b). It is possible that S. nodorum suppresses certain aspects of PT! 
allowing it to survive within leaves of cultivars lacking susceptibility genes . An 
ability to overcome PT! may also explain the presence of a low level of plant cell 
death during the initial stages of infection, which is typically associated with the 
breakdown of PT!. 
5.4.3 Challenges of transcriptome analysis of host-pathogen 
interactions 
Understanding the early stages of pathogen infection has enormous potential to 
provide insight into complex host-pathogen interactions and improve our 
understanding of factors involved in disease. The analysis of pathogen gene 
expression during the initial stages of infection is notoriously difficult due to the 
technological limitations involved in analysing the extremely low biomass at this 
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po int. The high se nsitivity of NGS techn ologies has th e potential to decipher th ese 
co mplex interactions. RNA seq uencing has successfully been utili sed to measure 
di ffe rential ge ne express ion of th e host and path ogen during infe ction from 6 hpi. 
The study invo lved an infection of Arabidopsis thaliana which has a relatively sma ll 
host ge nome of approximately 135 Mb, with th e pathogen 8/umeria gram in is that 
has a re latively large 120 Mb genome (H acquard et a l., 201 3). In contrast, the task 
of analys ing gene expression changes in S. nodorum during infection of wheat 
proves signifi cantly more diffi cult with a host genome of over 400-fold larger than 
the path ogen. Neverth eless, the current study aimed to retrieve as much 
information as possible from pathogen-derived sequences at 8 to 48 hpi. 
Over one billion reads were sequenced from RNA extrac ted during infections of 
suscept ible and non-susceptible wheat with S. nodorum at 8, 24 and 48 hpi. In 
total, half a milli on reads (0 .05%) aligned to the S. nodorum genome however 77% 
were removed based on overlap with plant alignm ents identifi ed as co nserved 
riboso mal RNA. Across the datase t, 69,084 fungal specifi c reads remained 
correspo nding to a tenth of the reads obtained in the previously mentioned study. 
Only 104 transcripts had coverage values high enough to be cons idered expressed. 
5.4.4 Normalisation methods for RNA sequencing data 
There is cu rrently no standard method for normali sati on or redu ction of bias fo r 
RNA sequencing data and much co ntroversy surro un ds whi ch analyses are 
appropriate. Normalisation methods largely depe nd on th e methods used fo r 
sequencing, the experime ntal des ign and qu esti on being answered; fac tors whi ch 
va ry significantly between stud ies. RNA sequenci ng is recognized for a high level of 
technical reproducibili ty between lanes and fl ow cells and even lib ra ry 
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preparation has been determined to have minimal effects on differential 
expression analysis (Cloonan et al., 2008; Marioni et al., 2008; Bu llard et al., 2010). 
Many RNA sequencing biases that require normalization including mappability, GC 
content effects and nucleotide per cycle bias only have implications for the 
comparison between different genomic regions, identification of post 
transcriptional modifications and identification of single nucleotide 
polymorphisms (SNPs) or different gene isoforms (Schwartz et al., 2011). 
Therefore, these considerations do not apply to the analysis of data in the current 
study. 
The number of reads mapped to each gene is proportional to transcript abundance 
and the length of the transcripts. Read counts of fungal transcripts were therefore 
normalised to transcript length to obtain reads per kilobase of exon model (RPK) 
giving a fair estimate of transcript abundance irrespective of gene length. A further 
normalisation method commonly utilised in RNA sequencing analyses involves 
calculating the RPK per million mapped reads (RPKM) allowing comparisons 
between samples with different library sizes (Mortazavi et al., 2008) . However, a 
number of recent publications highlight inconsistencies in this RPKM method of 
normalisation and demonstrates that the assumptions it is based upon do not 
always hold true for real data (Li et al., 2010; Srivastava and Chen, 2010; Li et al., 
2012;' Sun and Zhu, 2012; Wagner et al., 2012) . Furthermore, the predicted 
accuracy of RPKM values generated from sequencing data compared to qPCR data 
has been demonstrated to decrease for low coverage data of below one million 
reads (Bullard et al., 2010; Lee et al., 2011). This total-count RPKM normalisation 
is based on the behaviour of a small number of high-count genes that may have a 
large variation across biological conditi?ns. Therefore this method is not 
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particularly sensitive at detecting differe ntial expression (Bu ll ard et al., 2010). 
Therefore, RPKM normalization was deemed inappropriate for analysis of the 
current low coverage dataset describing fungal gene expression. The robust 
experimental design involving the dispersion of three biological replicates across 
sequencing lanes were assumed to compensate for other bias generated during 
sequencing. As a somewhat important proof of concept, the highest expressed 
fungal ge nes within the normalised data included the three known effector 
proteins produced by S. nodorum. This was a strong indication that the measures 
taken to analyse the data were appropriate for the purposes of this study. 
As described, th ere was no apparent difference in the level of the plant cell death 
or prolifera tion of fungal hyphae on the surface of the leaf from 8 to 48 hpi. 
However, fungal biomass should be measured and normalised for in order to 
confidently compare gene expression levels betwee n infections of susceptib le and 
non-susceptible cultiva rs at 24-48 hpi. It may be very difficult to measure this 
accurately for the early stages of infection analysed. Therefore, ca re was taken 
before drawing conclusions relating to differences in gene express ion between 
cultivars at 24-48 hpi. On the contrary, as th e onset of spore ge rmination was 
observed at 6 hpi, it can be stated with a reaso nable level of ce rtainty that th ere 
was no signi ficant difference in fungal biomass between Grandin and BR34 at 8 
hpi. Therefore the majority of com parisons made within this study were focused 
on data generated from the 8 hour time point. 
5.4.5 Expression of known S. nodorum effector genes 
S. nodorum secretes several effector proteins that cause plant cell death in hosts 
carrying the corresponding susceptib ili ty gene. These effectors are instrum ental in 
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the establishment of a successful infection. Three effector proteins have been 
previously identified in S. nodorum including SnToxA, SnTox3 and SnToxl (Liu et 
al., 2004; Liu et al., 2006; Liu et al., 2009). The metabolite response of susceptible 
hosts to SnToxA and SnTox3 were investigated in Chapter 2-4. Microarray studies 
undertaken previously have described the in plan ta expression of these three 
effector genes from 3 dpi (Ipcho et al., 2010). All demonstrated the highest 
expression at 3 dpi decreasing over 5, 7 and 10 dpi. The expression of SnTox3 was 
confirmed using RT-PCR from 3 dpi (Liu et al., 2009). The expression of SnToxA 
was found to peak at around 26 hpi during infection on Grandin and BR34 (Faris et 
al., 2011). 
The expression levels detected by RNA sequencing for all three effectors were low 
with between 36 and 64 reads across the entire dataset. This was due to the low 
overall sequencing coverage of the pathogen transcriptome achieved by this 
experiment. There have been a limited number of studies -investigating effector 
gene expression on cultivars with varying sensitivities (Faris et al., 2011). It is 
largely unknown whether the presence of susceptibility genes in the plants 
impacts the expression of the corresponding effector genes. Grandin (Tsnl, Snn3, 
snnl) is susceptible to the effectors SnToxA and SnTox3 but carries the snnl allele 
and is therefore insensitive to SnToxl. BR34 (tsnl, snn3, snnl) is insensitive to all 
three ·effectors. Interestingly, SnToxl expression was detected during infection of 
both SnToxl insensitive cultivars. In fact the number of reads per base for SnToxl 
was 2.4-fo ld higher than SnTox3 across the dataset. This was also demonstrated 
for SnToxA on a SnToxA insensitive cultivar (Faris et al., 2011) and indicates that 
that effector expression is not limited to susceptible hosts. All three effectors were 
expressed at significantly higher levels (P < 0.05) during infection of susceptible 
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Grandin compared to BR34. For SnToxA this was in contrast to previously 
published studies (Faris et al., 2011) . It still remains to be estab lished whether this 
is a result of a slightly higher biomass on the susceptible cultivar. On the contrary, 
SnToxl and SnTox3 were expressed at sign ificantly higher levels (p < 0.05) on 
Grandin tha n BR34 at only 8 hpi at which point there is assumed to be no 
difference in funga l biomass. This data indicates that infection induces all effectors 
regardless of host susceptibility but that the level of susceptibility may impact the 
level of effector expression. The following sections will discuss the likelihood of S. 
nodorum perceiving host susceptibility. 
5.4.6 Major transcriptional reprogramming during a compatible 
interaction suggests that S. nodorum perceives different host 
genotypes 
A striking observation in the analysis of fungal gene expression during infection 
was the approximately one-third of expressed genes that demonstrated greatest 
express ion at just 8 hpi exclusively during a compatible interaction. This is 
so mewhat remarkable considering the extremely low quantity of fungal biomass at 
this s tage of infection. Although there were no obse rvable differences in the level 
of hyphal growth and plant cell death during the first 48 hrs of infection on either 
cultivar, there are clearly significant underlying transcriptional changes in the 
pathogen during a co mpatibl e interacti on. The similar fungal growth observed on 
both cu ltiva rs suggests the genes induced by 8 hpi of the susceptible cultivar 
exclusively are not simply regu lating developmental processes. Instead, the rapid 
induction of genes by 8 hrs afte r infection of a susce ptible host indicates that S. 
nodorum has perceived the different host. The subseq uent transcriptional 
reprogramming is li ke ly to be instrumental in the establishment of a successful 
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infection. This data presents exciting avenues for future research investigating the 
mechanism behind the apparent perception of host, the potential role of host 
susceptibility genes in this and the roles of the genes induced during the 
compatible interaction. 
5.4. 7 Selection of genes with potentially important roles in infection 
RNA sequencing data describing transcriptional changes during the initial stages of 
an infection of wheat with 5. nodorum revealed a number of genes with potential 
roles in pathogenicity. Candidates were selected on the basis of several properties 
including unique protein sequence, known effector characteristics and differential 
expression between susceptible and non-susceptible cultivars. A higher level of 
importance was placed on genes displaying significantly different expression at 8 
hpi between the cultivars. As described previously, gene expression at this stage 
can be confidently compared without considering differences in fungal biomass. 
The selected genes encode a number of proteins with a range of functional 
annotations or putative activities. These have been classed into three groups 
including potential effector candidates, candidate genes with potential roles in the 
perception of different hosts and candidate genes with potential roles in the 
development of a successful infection. Microarray has been used to measure the 
transcriptional changes of S. nodorum during infection of the susceptible cultivar 
Grandin (lpcho et al., 2012) . The study focused on the analysis of genes with 
annotated roles in metabolism. The earliest time point measured was 3 dpi, which 
had the highest number of differentially expressed genes. Many of the genes 
identified as interesting based on RNA sequencing data, were not differentially 
expressed in the microarray dataset. These datasets are complementary and due to 
technical differences, cannot be directly·compared. Therefore, the microarray data 
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describing expression of th e genes discussed in this study will not be mentioned. 
5.4.7.1 Potential effector candidates 
Transcriptional profiling of fungal pathogens during infection of the host is a 
common approach to identify new candidate effectors. Effectors are metabolites or 
small proteins produced by the pathogen to assist in the infection process of a host 
(Stergiopoulos and De Wit, 2009) and are therefore primarily expressed during 
host-pathogen interactions. The expressed fungal genes observed in this study 
included three known S. nodorum effectors, SnToxA, SnTox3 and SnToxl. 
Therefore, the current RNA sequencing dataset potentially describes expression of 
additional effector genes produced by S. nodorum. Effector proteins often have 
several specific properties including unique protein sequence, induced in plan ta, 
low molecu lar weight, secreted and cysteine rich (Saunders et al., 2012). 
Of the 17 unique proteins found in these s tudy, three were expressed at 
significantly higher (p < 0.05) levels during infection of the susceptible cul ti var 
Grandin at 8 hpi (SNOG_00148, SNOG_02647 and SNOG_12995). In addition to 
these, SNOG_01331 encodes a protein that is not unique but does have a number of 
typical effector properties. Furthermore, several genes not differentially expressed 
encoded unique proteins that also have effector potential. 
SNOG_00148 is predicted to contain a signal peptide suggestive of protein 
secretion however is not cysteine rich and is also s ignificantly larger than many 
known effector proteins. SNOG_00148 has severa l interesting features including a 
high number of short nucleotide repeats (145 GGT sequences) and an extremely 
glycine rich protein sequence (38% of the enti re predicted protein). Short repeats 
are common in fungal effector proteins as a result of selection pressure to rapidly 
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evolve to avoid recognition by the plant (Raffaele and Kamoun, 2012). These 
repeat-containing proteins (RCPs) are suggested to be involved in virulence of a 
number of pathogens (Saunders et al., 2012). Magnaporthe oryzae possesses a 
group of avirulence genes encoding RCPs called Pwl effectors that are also glycine-
rich (17-19% of residues) and confer species-specific virulence (Kang et al., 1995; 
Sweigard et al., 1995). Glycine-rich domains exist in plants and microorganisms 
and have been associated with protein-protein interactions and RNA-binding 
involved in post-transcriptional regulation (Sachetto-Martins et al., 2000; Hur et 
al., 2004). In the human Sox4 protein, the glycine-rich region is involved in 
inducing apoptosis (Hur et al., 2004) . SNOG_00148 is a candidate worthy of further 
exploration for encoding a potential effector protein. 
SNOG_12995 and SNOG_02647 were expressed at significantly higher levels during 
infection on Grandin and BR34 and encode small unique proteins. SNOG_12995 is 
also predicted to have a signal peptide. Unique proteins represent potential unique 
modes of action and are therefore very interesting. These genes need to be 
functionally characterised before their potential as effector proteins can be further 
explored. 
SNOG_01331 is predicted to contain a conserved CAP (cysteine-rich secretory 
proteins, antigen 5, and pathogenesis-related 1 proteins) domain. Indeed, this 
protein is relatively cysteine rich (2.7% of the total 264 amino acid sequence). The 
presence of a predicted signal peptide suggests this gene may encode a secreted 
effector protein. Unlike SnToxA, SnTox3 and SnToxl, the predicted SNOG_01331 
protein shares sequence similarities with proteins from other necrotrophic 
pathogens. While effectors with a unique protein sequence often avoid host 
recognition, this is certainly not an essential property of an effector. A number of 
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funga l effectors involved in sup pressio n of plant defence contain conserved 
domains (Deb Roy et al., 20 04; Dou et a l., 2008). 
This study identified a numb er of genes that were not differentially expressed 
between cu ltivars but also encode uniqu e proteins with properties of typ ical 
effector proteins. While this expression pattern suggests th ese genes are not likely 
HR-inducing effectors, they may be involved in sup pressing plant defence 
responses. Effectors with this activity may allow survival of a pathogen with in the 
host as was observed for S. nodorum three weeks after infection on a non -
susceptib le host. SNOG_07085 contains a predicated signal peptide and has a 
re latively high cysteine content at 2.5%, similar to that for SnTox3. However, the 
predicted prote in was only 81 amino acids in length, significantly smaller than 
SnTox3. Two of th e unique proteins without a predicted signal peptide co nsisted of 
a remarkable 26 and 27% cysteine content (SNOG_20030 and SN OG_20127 
respectively) . These genes encode short 35 and 26 am ino acids predicted proteins. 
SNOG_11512 was a s lightly larger predicted protein at 214 amino acids, almost 
identica l to the size of SnTox3 . No signal peptide was predicted but the protein 
contained 11 (5%) cyste ines, nearly double of SnTox3. These genes all had low 
coverage in th e RNA sequ encing data and th erefo re whi le their presence was 
detected, it was not clear whether there was a pattern of gene expression over 
time or between cultivars. 
5.4.7.2 Genes involved in perception of the host 
A remarkable trend in the data was the high number of ge nes expressed so lely at 8 
hpi of the susceptible cu ltivar Grandin . The potential effector candidates 
SNOG_00148, SNOG_02647, SNOG_12995 and SNOG_01331 already discussed are 
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also encompassed by this description. In addition to these, a number of genes 
encoding proteins with similarities to proteins from other necro trophic pathogens 
also demonstrated highest levels of expression at 8 hpi. It is unlikely that these 
genes are all related to basic developmental processes as it was established that 
the development of S. nodorum was comparable on both cultivars from 8 to 48 hpi. 
Rather, it appears that S. nodorum perceives different hosts within eight hours of 
infection resulting in transcriptional reprogramming. 
SNOG_05468 has one of the most convincing functional annotations in this study; it 
contained a putative conserved secretory lipase domain and shared sequence 
similarities with identified secretory lipase proteins from other organisms. Lipases 
are known virulence factors involved in surface adhesion, nutrient acquisition and 
generation of cues from the plant surface that promote fungal development (Voigt 
et al., 2005; Feng et al., 2009) . It is conceivable that to avoid costly infection efforts 
by the fungus, that the induction of this gene might be con.trolled to only occur on 
susceptible hosts. 
SNOG_10667 has sequence similarities to a number of CRISPR (Clustered Regularly 
Interspaced Short Palindromic Repeats) -Associated Sequences (CASl) proteins. 
CRISPRs are a class of repeats originally discovered in prokaryotic genomes with 
roles in immunity against phages (Jansen et al., 2002). The CRISPR system uses 
small RNAs to s ilence invasive nucleic acids in a similar manner to RNA 
interference (Marraffini and Sontheimer, 2010). The apparent early involvement of 
these genes in the establishment of an infection on susceptible hosts provides an 
interesting avenue for future research. 
SNOG_11847 had the fourth highest overall expression across the dataset and 
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shared greatest similarity to a C protein immunoglobulin-A-binding beta antigen 
from P. tritici-repentis (le-19). Co mpariso n of SNOG_l 1847 with paralog and 
ortho log protein seq uences suggests potential activity as a se rine/threonine 
prote in kinase with a potential role in signalling. SN OG_15917 only shared 
significant similarities with predicted or hypothetical proteins but was ass igned to 
the KOG class of ca rbohydrate transport and metabolism. 
The genes discussed and others that exhibit early expression at 8 hpi should be 
further investigated for their roles in the perception of diffe re nt hosts. Although 
express ion of the known 5. nodorum effector genes was detected by 8 hpi, an 
extensive number of genes were induced to a greater extent at this stage 
exclusively during a compatible interaction. This clea rly demonstrates that there 
are many additional genes w ith important roles in the establishment of a 
successfu l infection. It still rema ins to be established what th e specific ro les of 
these genes are during infection and how th ey contribute to the activity of the 
known necrotrophic effectors. Previous research discussed in Chapter two 
suggested that 5. nodorum might suppress plant secondary metabolite defence 
responses . The observations that 5. nodorum is ab le to survive for 3 weeks within 
non-susceptible hosts, furth er supports the potential suppression of plant defences 
by 5. nodorum. The significant po rtion of genes expressed during the early stages 
of infection that encode proteins of un known fun ction clearly refl ects the lack of 
knowledge of the infection process of 5. nodorum on wheat. A greater 
understanding of th is wi ll improve strategies for combating di sease in th e fi eld. 
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6.1 Overview and key findings 
Primary metabolite profiling of wheat infiltrated with the S. nodorum effector 
SnToxA revealed increases in several tricarboxylic acid (TCA) cycle metabolites 
postulated to be metabolised by the glyoxylate cycle. This was likely to produce 
ATP and reducing equivalents in response to the photosystem co llapse or to 
generate building blocks for secondary metabolites to fuel plant defence 
responses. Metabolite profiling of host secondary metabolism following SnToxA-
infiltration confirmed that SnToxA induced metabolites impli cated in plant 
defence. SnToxA induced the tryptophan pathway lead ing to the accumulation of 
the monoamine serotonin and formation of the active benzoxazinoid 6-methoxy-2-
benzoxazolinone (MBOA). This data was supported by previous microarray 
experiments demonstrating up regulation of genes in the tryptophan pathway 
upon SnToxA-infiltration (Pandelova et a l., 2009). 
Serotonin and MBOA were demonstrated to have inhibitory activities toward S. 
nodorum at levels within a range the plant could produce. MBOA significantly 
reduced fungal growth at 0.3 mM and completely inhibited spore germination at 
3mM. Seroton in was discovered to have a novel activity in the inhibition of fungal 
sporulation, which was reduced 10-fold in vitro and in plan ta in the presence of 1 
mM exogenous serotonin. Serotonin interfered with the development and 
maturation of spores within pycnidial structures . Metabolite profiling of S. 
nodorum revealed a s ignificant decrease in the levels of trehalose after exposure to 
exogenous serotonin. Sporulation of S. nodorum and pycnidial development was 
impaired in trehalose deficient mutants (Lowe et al., 2009) suggesting this 
mechanism is a likely contributing factor in the activity of serotonin. Serotonin also 
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caused an increase in the abundance of the mycotoxin alternariol detected in S. 
nodorum samples. Alternariol was previously identified in a short chain 
dehydrogenase mutant (schl) (Tan et al., 2009), however the current s tudy 
describes th e first detection of significant levels of alternariol in wild type S. 
nodorum. The role of alternariol in S. nodorum is unknown, however the schl 
mutants that produced alternariol were deficient in asexual sporulation in a 
similar manner to that observed after exposure of the wild type to serotonin (Tan 
et al., 2008). Therefore, there appears to be a correlation between alternariol 
production and asexual sporulation of S. nodorum. 
A comparative approach to determine th e metabolite response of wheat to th e S. 
nodorum SnTox3 effector revealed changes in primary metabolism similar to those 
induced by SnToxA. On the contrary, co mprehensive metabolite profiling identifi ed 
rema rkable differences in the host secondary metabolite response to SnTox3. 
Wheat infiltrated with SnTox3 did not accum ulate any of the SnToxA-induced 
secondary metabolites derived from th e tryptophan metabolic pathway. Instead, 
increases were observed in the putative ly identified phenylpropanoid compo unds 
feruloylquinic acid and chlorogenic aci d in addition to the cyanogenic glycoside 
dhurrin. These metabolites have been previously associated with plant defence 
and anti fungal activity. These data reveal th at the S. nodorum effectors do not 
simply induce a generalized plant defence response but that they are perceived 
differently by the plant and result in the activation of specific pathways. 
This research raises the question of how S. nodorum copes wi th the effector-
induced production of plant secondary metabolites with demonstrated anti fungal 
activity. Evidence presented within, suggests that S. nodorum might suppress the 
levels of SnToxA-induced secondary metabolites during an infection. It is 
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conceivable that S. nodorum may possess additional effectors that suppress plant 
defence allowing the pathogen to survive the stages of infection preceding effector-
induced cell death. Although th is concept has received little attention with regard 
to necrotrophic pathogens, there are a number of recent reports suggesting or 
having direct evidence supporting this (Wei berg et al., 2013; Zhu et al., 2013b). 
These data have highlighted that although the necrotrophic effector model for 
disease is now well understood, there remains much to learn in regard to the S. 
nodorum-wheat interaction. 
Gene expression of S. nodorum during infection on a susceptible wheat cu ltivar has 
previously been investigated by microarray from three days after inoculation. 
However, little is known concerning the initial stages of infection prior to the onset 
of effector-induced host cell death. Furthermore, there have been no studies to 
date detailing the transcriptional response of wheat to an S. nodorum infection. In 
order to better und erstand the early events contributing to the establishment of a 
successful infection, next generation sequencing technologies were utilised to 
investigate transcriptional changes of S. nodorum during infection. RNA 
sequencing of infected plant tissue sampled during th e initial 8 to 48 hours of 
infection on sus cep tible and non-susceptible wheat was performed. Microscopic 
observations demonstrated comparable hyphal prolife ration of S. nodorum on the 
susceptib le and non-susceptible cultivar at 8 to 48 hpi. On the contrary, RNA 
sequencing revea led major transcriptional changes by eight hours after infection 
exclusively on susceptibl e plants. This rapid and brief induction of gene expression 
suggests that S. nodorum is able to perceive different hosts within the first eight 
hours of infection and subseq uently alter gene expression. An eq ually remarkable 
discovery was surviva l of S. nodorum on a non-suscep tibl e cultivar for three weeks 
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post infection. This suggests that in the absence of effector-induced necrosis, the 
pathogen is confined to but survives within the apoplast. As such, this growth 
supports the hypothesis that S. nodorum is able to suppress plant defence or avo id 
recognition by the host to some extent. 
6.2 Final conclusions 
Comprehensive metabolite profiling of SnToxA and SnTox3-infiltrated wheat has 
provided the first description of the host metabolite response to S. nodorum 
effector proteins. lt was established that SnToxA and SnTox3 induce contrasting 
responses in host secondary metabolism. SnTox3 induced putatively identified 
secondary metabolites belonging to the phenylpropanoid pathway. In contrast, 
SnToxA induced tryptophan metabolism resulting in accumulation of serotonin 
and MBOA, which were determined to inhibit the growth and sporulation of S. 
nodorum. Data suggested that th e pathogen might suppress secondary metabolite 
responses in th e host to survive effector-induced plant defence. 
This research has highlighted the lack of knowledge concerning the early events 
that occur during an infection of S. nodorum on wheat. To address this, RNA 
sequencing was utilised to measure transcriptional changes in S. nodorum during 
the first 48 hours of infection of a susceptible and non-susceptible cul ti var. A major 
and ra_pid transcriptional response was induced by eight hours after inoculation of 
S. nodorum excl usively during a compatible interaction suggesting that the 
pathogen is able to perceive different hosts and reprogram gene expression 
accordingly. The characterisation of these genes holds significant potential to 
improve the understanding of the infection process of S. nodorum and mechanisms 
that underlie host susceptibility in wheat. 
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6.3 Future direction 
Serotonin was identified as a novel phytoalexin in wheat that inhibits asexual 
sporu lation of S. nodorum. The exogenous application to S. nodorum interfered 
wi th the development and maturation of spores within pycnidial structures. A 
likely role of trehalose and alternariol was identifi ed however the exact 
mechanism underlying the activity of serotonin is ye t to be fully elucidated. 
Asexual sporulation of S. nodorum is essential for this pathogen to cause significant 
disease in the fi eld and the associated yield losses of wheat. Therefore, 
understanding th e mechani sm by which serotonin interferes with asexual 
sporulation has th e potential to identify targets for development of fungicides to 
combat disease. To dissect the mode-of-ac tion of serotonin, RNA sequencing of S. 
nodorum exposed to exogenous serotonin in vitro would be a viable approach 
co nsidering the minimal sequencing that would be required to obtain high 
coverage data. A time course experiment including pre and post-sporulation 
sampling could be performed to identify the transcriptional changes in S. nodorum 
that may be responsible for the inhibition of asexual sporulation. ln combination 
with existing metabo lomics data, thi s has th e potential to confirm th e mode-of-
action of serotonin. 
Transcriptomic ana lysis of S. nodorum during infection of a susceptible and non-
susceptible wheat cu ltiva r demonstrated major transcriptional reprogramm ing at 
eight hours post infection exclusively on the susceptibl e cultivar. This suggests that 
S. nodorum is ab le to perceive different hosts. The majority of ge nes induced as a 
result of this encode proteins that have not been identified or characterised. 
Expression data was used to propose severa l interesting gene ca ndidates for 
functiona l s tudies to investigate th eir role in th e establ ishment of a successful 
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infection. Future research should investigate the apparent perception of host to 
identify the mechanisms or signals involved. Firstly, it should be established 
whether the interaction of effectors with host susceptibility genes is involved in 
this perception of host or whether S. nodorum simply perceives a different host. 
This could be investigated by assessing gene expression during the interaction of a 
susceptib le host and independent S. nodorum isolates with differe ntial effector 
profiles. For example, an infection of Grandin (Tsnl, Snn3) with wild type S. 
nodorum (susceptible) and an SnToxA/3 double knockout (non-susceptible). As 
the host is constant, an induction of gene expression exclusively during a 
compatible interaction would suggest S. nodorum perceives host susceptibility 
rather than simply a different host. Analysis of the host transcriptome described 
in the RNA sequencing data in the current study, may also provide insight into the 
potential perception of differe nt hosts. To investigate this, focus should be placed 
on host genes induced after infection exclusively in the susceptible cultivar. 
The S. nodorum effectors SnToxA and SnTox3 induce contrasting secondary 
metabolite responses in wheat, although all have been associated wi th plant 
defence responses or antifungal activity. The secondary metabolites induced by 
SnToxA were inhibitory against S. nodorum at levels wheat is capable of producing 
naturally. How S. nodorum copes with these plant defence responses prior to 
effector-induced necrosis remains to be answered. Evidence presented within 
suggests that the pathogen might suppress certain secondary metabolite defence 
responses . It was also identifi ed that S. nodorum can survive within leaves of a 
non-susceptible host for three weeks after infection thus furth er supporting the 
theory that S. nodorum suppresses plant defence or somewhat avoids host 
recognition. To confirm this, the experiment needs to be repeated under natural 
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infection conditions as opposed to inoculation with a high spore concentration on 
detached leaves that was used for this study. It should also be established whether 
S. nodorum growth is completely arrested and the pathogen simply survives in a 
latent state or whether hyphae continue to s lowly proliferate over the surface of 
the leaf in a constant attempt to establish a successful infection . To ascertain this, 
fungal biomass over several weeks post infection on BR34 could be measured 
using qPCR. It will be interesting to investigate the host transcriptome data 
collected in this study to determine the respo nse of the non-susceptible BR34 
plants to S. nodorum. Although a low level of plant ce ll death on BR34 in detached 
leaf assays indicates pathogen recognition by the host, the extent of this 
recognition and of the induced plant defence response is unknown. 
In order to determine whether S. nodorum suppresses plant defence responses on 
BR34, the nature of th e plant defence responses activated by S. nodorum PAMPs 
needs to be determined. This could be established by analysing gene expression in 
plants infiltrated with S. nodorum extracts. Comparison of this response to that 
observed during an infection would indicate whether S. nodorum is supressing 
plant defence. Additional RNA sequencing experiments performed should be 
designed to also analyse small-RNAs, which were recently identified in B. cinerea 
to suppress plant immunity in A. thaliana (Wei berg et al., 2013). 
This research describing gene express ion of the host and pathogen during the 
initial stages of infection wi ll greatly improve understanding of the infection 
process of S. nodorum on wheat and consequently increase the capacity to contro l 
disease. 
173 

Chapter 7: Bibliography 
175 
Adhikari, T. 8., Bai,) ., Meinhardt, S. W., Gu rung, S., Myrfield, M., Patel, J., Ali, S., 
Gudmestad, N. C., Rasmussen, J.B. (2009) Tsnl-Mediated Host Responses to 
ToxA from Pyrenophora tritici-repentis. Molecular plant-microbe 
interactions 22 : 1056-1068. 
Ashburner, M., Ball, C. A., Blake, J. A., Butler, H., Cherry, J. M., Eppig, J. T., Harris, M., 
Hill, D. P., Mungall, C., Reiser, L., Rhee, S., Richardson, J.E., Richter, J., 
Ringwald, M., Rubin, G. M., Sherlock, G. & Yoon, J. (2001) Creating the Gene 
Ontology resource: Design and implementa tion. Genome Research 11: 1425-
1433. 
Benjamini, Y. & Hochberg, Y. (1995) Controlling the fa lse discovery rate - A 
practival and powerful approach to multiple testing.journal of the Royal 
Statistical Society Series B-Methodo/ogical 57: 289-300. 
Bennett, R. N. & Wallsgrove, R. M. (1994) Secondary metabolites in plant defence 
mechanisms. New Phytologist 127: 617-633. 
Bent, A. F. (1996) Plant Disease Resistance Genes: Function Meets Structure. The 
Plant Ce/I Online 8: 1757-1771. -
Bolger, A. & Giorgi, F. (2013) Trimmomatic. 
<http ://www.usadellab .org/cms/?page=trimmomatic>. Accessed on 4th 
November 2013. 
Broeckling, C. 0., Huhman, D. V., Farag, M.A., Smith, J. T., May, G. 0 ., Mendes, P., 
Dixon, R. A. & Sumner, L. W. (2005) Metabolic profiling of Medicago 
tru ncatula cell cultures reveals the effects of biotic and a biotic e li ci tors on 
metabolism.Journal of Experimental Botany 56: 323-336. 
Bullard, J. H., Purdom, E., Hansen, K. D. & Dudoit, S. (20 10) Evaluation of statis tical 
methods for normalization and differential expression in mRNA-Seq 
experiments . BMC Bioinformatics 11. 
Catanzariti, A.-M., Dodds, P. N., Lawrence, G. )., Ayliffe, M. A. & Ellis, J. G. (2006) 
Haustorially Expressed Secreted Proteins from Flax Rust Are Highly 
176 
En ri ched for Avirulence Eli citors. The Plant Cell Online 18: 243-256. 
Chakravarthy, S., Velasqu ez, A. C., Ekengren, S. K., Collmer, A. & Martin, G. 8. (2010) 
Id entification of Nicotiana benthamiana Genes Involved in Pathogen-
Associated Molecular Pa ttern- Triggered Immunity. Molecu lar Plan t Microbe 
In teractactions 23 : 715-726. 
Chis holm, S. T., Coaker, G., Day, 8. & Staskaw icz, 8. J. (2006) Host-microbe 
interactions: Shaping the evolution of the plant immune respon se. Ce// 124: 
803-814. 
Ciuffetti, L. M., Manning, V. A., Pa ndelova, I., Betts, M. F. & Martinez, J.P. (2010) 
Host-selective toxins, Ptr ToxA and Ptr ToxB, as necrotrophic effectors in 
the Pyrenophora tritici -repentis-wheat interaction. New Phytologist 187: 
911-919. 
Ciuffetti, L. M., Tuori, R. P. & Gaventa, J.M. (1997) A single gene encodes a selective 
toxin causal to the development of tan spot of wheat. Plant Cell 9: 135-144. 
Clay, N. K., Adio, A. M., Denoux, C., Jander, G. & Ausubel, F. M. (2009) Glucos in olate 
metabolites requ ired for an Arab idopsis innate immune response. Science 
323: 95-101. 
Cloonan, N., Forrest, A. R. R., Kolle, G., Gardiner, 8 . 8. A., Faulkner, G. J., Brown, M. K., 
Taylor, D. F., Steptoe, A. L., Wani, S., Beth el, G., Robertso n, A. J., Perkins, A. C., 
Bruce, S. J., Lee, C. C., Ranade, S.S., Peckham, H. E., Manning, J. M., McKernan, 
K. J. & Grimmond, S. M. (2008) Stem cell transcriptome profiling via 
mass ive-scale mRNA sequencing. Nature Methods 5: 613 -619. 
Cock, P. J., Antao, T., Chang, J. T., Chapman, 8. A., Cox, C. J., Dalke, A., Friedberg, I., 
Hamelryck, T., Kauff, F., Wilczynski, 8. & de Hoon, M. J. (20 09) Biopython: 
freely availabl e Python tools for computational mo lecu la r biology and 
bioinformatics. Bioinformatics 25 : 1422-1423. 
Com pant, S., Reiter, 8., Sess itsch, A. , Nowak, J., Clement, C. & Ait Sarka, E. (2005) 
Endophytic co lonizatio n of Vi tis vini fera L. by pla nt growth-promoting 
177 
bacterium Burkholderia sp. strain PsJN. Appl Environ Microbiol 7 1: 1685-
1693. 
Czembor, P. C., Arseniuk, E., Czaplicki, A., Song, Q., Cregan, P. B. & Ueng, P. P. (2003) 
QTL mapping of partia l resistance in w inter wheat to Stagonospora 
nodorum blotch. Genome 46: 546-554. 
Dang!, J. L. & Jones, J. D. (2001) Plant pathogens and integrated defence responses 
to infection. Nature 411: 826-833. 
Deb Roy, S., Thilmony, R., Kwack, Y. B., Nomura, K. & He, S. Y. (2004) A family of 
conserved bacterial effectors inhibits salicylic acid-mediated basal 
immunity and promotes disease necrosis in plants. Proc Natl Acad Sci US A 
101: 9927-9932. 
Dou, D., Kale, S. D., Wang, X., Chen, Y., Wang, Q., Wang, X., Jiang, R. H., Arredondo, F. 
D., Anderson, R. G., Thakur, P. B., McDowell, J.M., Wang, Y. & Tyler, B. M. 
(2008) Conserved C-terminal motifs required for avirulence and 
suppression of cell death by Phytophthora sojae ef(ecto r Avrlb. Plant Cell 
20: 1118-1133. 
Du Fall, L. A & Solomon, P. S. (2013) The necrotrophic effector SnToxA induces the 
synthesis of a novel phytoalexin in wheat. New Phytologist 200: 185-200. 
Eaton, C. J., Cox, M. P., Ambrose, B., Becker, M., Hesse, U., Schardl, C. L., Scott, B. 
(2010) Disruption of Signaling in a Fungal-Grass Symb iosis Leads to 
Pathogenesis. Plant Physiology 153: 1780-1794. 
FAOSTAT (2012) Statistics Division, Food and Agriculture Organ isation of the 
United Nations. <http: //www.fao.org/worldfoodsituatio n/csdb/ en/ >. 
Accessed on 4th November, 2013. 
Faris, J. D., Zhang, Z., Lu, H., Lu, S., Reddy, L., Cloutier, S., Fellers, J.P., Rasmussen, J. 
B., Xu, S.S., Oliver, R. P., Simons, K. J. & Friesen, T. L. (2010) A unique wheat 
disease resistance-like gene confers toxin -i nduced susceptibility to 
necrotrophic pathogens. Proceedings of the National Academy of Sciences of 
the United States of America 107: 135'44-13549. 
178 
Faris, J. D., Zhang, Z., Rasmussen, J.B. & Friesen, T. L. (2011) Variable Expression of 
the Stagonospora nodorum Effector SnToxA Among Isolates ls Correlated 
with Levels of Disease in Wheat. Molecular Plant Microbe lnteractactions 
24: 1419-1426. 
Feng,)., Wang, F., Liu, G., Greenshields, D., Shen, W., Kaminskyj, S., Hughes, G. R., 
Peng, Y., Selvaraj, G., Zou, J. & Wei, Y. (2009) Analysis of a Blumeria 
graminis-secreted lipase reveals the importance of host epicuticular wax 
components for fungal adhesion and development. Molecular Plant-Microbe 
Interactions 22: 1601-1610. 
Flor, H. H. (1942) Inheritance of pathogenicity in Melampsora lini. Phytopathology 
32: 653-669. 
Friesen, T. I., Chu, C., Xu, S.S. & Faris, J. D. (2012) SnTox5-Snn5: a novel 
Stagonospora nodorum effector-wheat gene interaction and its relationship 
with the SnToxA-Tsnl and SnTox3-Snn3-B1 interactions. Molecular Plant 
Pathology 13: 1101-1109. 
Friesen, T. L., Faris, J. D., Solomon, P. S. & Oliver, R. P. (2008) Host-specific toxins: 
Effectors of necrotrophic pathogenicity. Cellular Microbiology 10: 1421-
1428. 
Friesen, T. L., Stukenbrock, E. H., Liu, Z., Meinhardt, S., Ling, H., Faris, J. D., 
Rasmussen, J.B., Solomon, P. S., McDonald, B. A. & Oliver, R. P. (2006) 
Emergence of a new disease as a resu lt of interspecific virulence gene 
transfer. Nature Genetics 38: 953-956. 
Glazebrook, J. (2005) Contrasting Mechanisms of Defense Against Biotrophic and 
Necrotrophic Pathogens. Annual Review of Phytopathology 43: 205-227. 
Hacquard, S., Kracher, B., Maekawa, T., Vernaldi, S., Schulze-Lefert, P. & Van 
Themaat, E. V. L. (2013) Mosaic genome structure of the barley powdery 
mild ew pathogen and conservation of transcriptional programs in 
diverge nt hosts. Proceedings of the National Academy of Sciences of th e 
United States of America 110: 2219-2228. 
179 
Hammond-Kosack, K. E. & Rudd, J. J. (2008) Plant resistance signalling hijacked by 
a necrotrophic fungal pathogen. Plant Signaling and Behavior 3: 993-995. 
Howard, B. E., Hu, Q., Babaoglu, A. C., Chandra, M., Borghi, M., Tan, X., He, L., Winter-
Sederoff, H., Gassmann, W., Veronese, P. & Heber, S. (2013) High-
Throughput RNA Sequencing of Pseudomonas-lnfected Arabidopsis Reveals 
Hidden Transcriptome Complexity and Novel Splice Variants. PLoS ONE 8: 
e74183. 
Hur, E. H., Hur, W., Choi, J. Y., Kim, I. K., Kim, H. Y., Yoon, S. K. & Rhim, H. (2004) 
Functional identification of the pro-apoptotic effector domain in human 
Sox4. Biochemical and biophysical research communications 325: 59-67. 
lgarashi, D., Bethke, G., Xu, Y., Tsuda, K., Glazebrook, J. & Katagiri, F. (2013) Pattern-
triggered immunity suppresses programmed cell death triggered by 
fumonisin b1. PLoS One 8: e60769. 
lpcho, S. V. S., Hane, J. K., Antoni, E. A., Ahren, D. A.G., Henrissat, B., Friesen, T. L., 
Solomon, P. S. & Oliver, R. P. (2012) Transcriptome-analysis of 
Stagonospora nodorum: gene models, effectors, metabolism and 
pantothenate dispensability. Molecular Plant Pathology 13: 531-545. 
lpcho, S. V. S., Tan, K. C., Koh, G., Gummer, J., Oliver, R. P., Trengove, R. D. & 
Solomon, P. S. (2010) The Transcription Factor StuA Regulates Central 
Carbon Metabolism, Mycotoxin Production, and Effector Gene Expression in 
the Wheat Pathogen Stagonospora nodorum. Eukaryotic Cell 9: 1100-1108. 
Jacobs, S., Zechmann, B., Molitor, A., Trujillo, M., Petutschnig, E., Lipka, V., Kogel, K. 
H. & Schafer, P. (2011) Broad-spectrum suppression of innate immunity is 
required for colonization of Arabidopsis roots by the fungus Piriformospora 
indica. Plant Physiol 156: 726-740. 
Jansen, R., Van Embden, J. D. A., Gaastra, W. & Schouls, L. M. (2002) Identification of 
genes that are associated with DNA repeats in prokaryotes. Molecular 
Microbiology 43: 1565-1575. 
180 
Jones, J. D. & Dang!, J. L. (2006) The plant immune system. Nature 16: 323-329. 
Kang, S., Sweigard, J. A. & Valent, B. (1995) The PWL host specificity gene family in 
the blast fungus Magna porthe grisea. Molecular Plant Microbe 
lnteractactions 8: 939-948. 
Koonin, E. V., Fedorova, N. D., Jackson, J. D., Jacobs, A. R., Krylov, D. M., Makarova, K. 
S., Mazumder, R., Mekhedov, S. L., Nikolskaya, A. N., Rao, B. S., Rogozin, I. B., 
Smirnov, S., Sorokin, A. V., Sverdlov, A. V., Vasudevan, S., Wolf, Y. I., Yin, J. J. & 
Natale, D. A. (2004) A comprehensive evolutionary classification of proteins 
encoded in complete eukaryotic genomes. Genome biology 5: R7. 
Lambais, M. R. & Mehdy, M. C. (1993) Suppression of Endoch itinase, B-1,3-
Endoglucanase,g and Chalcone lsomerase Expression in Bean Vesicular-
Arbuscular Mycorrhizal Roots. Molecular Plant Microbe lnteractactions 6 : 
75-83. 
Langmead, B. & Sa lzberg, S. L. (2012) Fast gapped-read alignment with Bowtie 2. 
Nature Methods 9: 357-359. 
Lee, S., Li, S., Seo, C.H., Lim, B., Yang, J. 0., Oh, J., Kim, M., Lee, B. & Kang, C. (2011) 
Accurate quantification of transcriptome from RNA-Seq data by effective 
length normalization. Nucleic Acids Research 39: e9 . 
Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., 
Abecasis, G. & Durbin, R. (2009) The Sequence Alignment/Map format and 
SAM tools. Bioinformatics 25: 2078-2079. 
Li, J., Jiang, H. & Wong, W. H. (2010) Modeling non-uniformity in short-read rates in 
RNA-Seq data. Genome Bio/ 11: R50. 
Li, J., Witten, D. M., Johnstone, I. M. & Tibshirani, R. (2012) Normalization, testing, 
and false discovery rate esti mation for RNA-sequencing data. Biostatistics 
13: 523-538. 
181 
Liu, L., Li, Y., Li, S., Hu, N., He, Y., Pong, R., Lin, D., Lu, L. & Law, M. (2012a) 
Comparison of next-generation sequencing systems.journal of Biomedicine 
and Biotechnology 2012. 
Liu, Z., Faris, J. D., Oliver, R. P., Tan, K.-C., Solomon, P. S., McDonald, M. C., McDonald, 
B. A., Nunez, A., Lu, S., Rasmussen, J.B. & Friesen, T. L. (2009) SnTox3 acts in 
effector triggered susceptibility to induce disease on wheat carrying the 
Snn3 gene. PLoS Pathogens 5: el 000581. 
Liu, Z., Friesen, T. L., Ling, H., Meinhardt, S. W., Oliver, R. P., Rasmussen, J.B. & Faris, 
J. D. (2006) The Tsnl-ToxA interaction in the wheat-Stagonospora nodorum 
pathosystem parallels that of the wheat-tan spot system. Genome/ National 
Research Council Canada= Genome / Conseil national de recherches Canada 
49: 1265-1273. 
Liu, Z., Zhang, Z., Faris, J. D., Oliver, R. P., Syme, R., McDonald, M. C., McDonald, B. A., 
Solomon, P. S., Lu, S., Shelver, W. L., Xu, S. & Friesen, T. L. (2012b) The 
cysteine rich necrotrophic effector SnToxl produced by Stagonospora 
nodorum triggers susceptibility of wheat lines harboring Snnl. PLoS 
Pathogens 8: e1002467. 
Liu, Z. H., Faris, J. D., Meinhardt, S. W., Ali, S., Rasmussen, J.B. & Friesen, T. L. (2004) 
Genetic and physical mapping of a gene conditioning sensitivity in wheat to 
a partia lly purified host-selective toxin produced by Stagonospora 
nodorum. Phytopathology 94: 1056-1060. 
L6pez-Gresa, M. P., Torres, C., Campos, L., Lis6n, P., Rodrigo, I., Belles, J.M. & 
· Conejero, V. (2011) Identification of defence metabolites in tomato plants 
infected by the bacterial pathogen Pseudomonas syringae. Environmental 
and Experimental Botany 74: 216-218. 
Lorang, J., Kidarsa, T., Bradford, C. S., Gilbert, B., Curtis, M., Tzeng, S. C., Maier, C. S. 
& Wolpert, T. J. (2012) Tricking the Guard: Exp loiting Pl ant Defense for 
Disease Susceptibility. Science 338: 659-662. 
182 
Lo rang, J. M., Sweat, T. A. & Wolpert, T. J. (2007) Plant disease susceptibility 
conferred by a "resistance" gene. Proceedings of the National Academy of 
Sciences of the United States of America 104: 14861-14866. 
Lowe, R. G. T., Lord, M., Rybak, K., Trengove, R. D., Oliver, R. P. & Solomon, P. S. 
(2009) Trehalose biosynthesis is involved in sporulation of Stagonospora 
nodorum. Fung al Genetics and Biology 46: 381-389. 
Ma, Z. & Michai lides, T. J. (2005) Advances in understanding molecular 
mechanisms of fungicide resistance and molecular de tection of resistant 
genotypes in phytopathogenic fungi . Crop Protection 24: 853-863. 
Manning, V. A., Andrie, R. M., Trippe, A. F. & Ciuffetti, L. M. (2004) Ptr ToxA requires 
multiple motifs for comple te activity. Molecular Plant-Microbe In teractions 
17: 491-501. 
Manning, V. A., Chu, A. L., Steeves, J.E., Wolpert, T. J. & Ciuffetti, L. M. (2009) A host-
selective toxin of Pyrenophora tritici-repentis, Ptr ToxA, induces 
photosystem changes and reactive oxygen species accumulation in sensitive 
wheat. Molecular plant-microbe interactions: MPMI 22 : 665-67 6. 
Manning, V. A. & Ciuffetti, L. M. (2005) Localization of Ptr ToxA produced by 
Pyrenophora tritici-repentis reveals protein import into w heat mesophyll 
cells. Plant Cell 17: 3203-3212 . 
Mann ing, V. A., Hamilton, S. M., Karplus, P.A. & Ci uffetti, L. M. (2008) The Arg-Gly-
Asp-contain in g, so lvent-exposed loop of Ptr ToxA is required for 
interna lization. Molecular Plant-Microbe Interactions 21 : 315-325. 
Manning, V. A., Hardison, L. K. & Ciu ffetti, L. M. (2007) Ptr ToxA interacts with a 
ch loroplast-localized protein. Mo lecular Plant-Microbe In teractions 20: 168-
177. 
Mardis, E. R. (2008) Next-Generation DNA Seq uencing Methods. Annual Review of 
Genomics and Human Genetics 9: 387-402. 
183 
Marioni, J.C., Mason, C. E., Mane, S. M., Stephens, M. & Gilad, Y. (2008) RNA-seq: An 
assessment of technica l reproducibility and comparison with gene 
expression arrays . Genome Research 18: 1509-1517. 
Marraffini, L.A. & Sontheimer, E. J. (2010) CRISPR interference: RNA-directed 
adaptive immunity in bacteria and archaea. Nature reviews. Genetics 11: 
181-190. 
Mayama, S., Bordin, A. P., Morikawa, T., Tan po, H. & Kato, H. (1995) Association of 
avenalumin accumulation with co-segregation of victorin sensitivity and 
crown rust resistance in oat lines carrying the Pc-2 gene. Physiological and 
Molecular Plant Pathology 46: 263-274. 
Mayama, S., Tani, T., Ueno, T., Hirabayashi, K., Nakashima, T., Fukami, H., Mizuno, Y. 
& Irie, H. (198 1) Isolation and structure elucidation of genuine oat 
phytoalexin, avenalumin I. Tetrahedron Letters 22: 2103-2106. 
McHale, L., Tan, X., Koehl, P. & Michelmore, R. W. (2006) Plant NBS-LRR proteins : 
Adaptable guards. Genome Biology 7: e212. 
Meyers, B. C., Kozik, A., Griego, A., Kuang, H. & Michelmore, R. W. (2003) Genome-
Wide Analysis of NBS-LRR-Encoding Genes in Arabidopsis. The Plant Cell 
Online 15: 809-834. 
Monosi, B., Wisser, R. J., Pennill, L. & Hulbert, S. H. (2004) Full-genome analysis of 
resistance gene homologues in rice. Theoretical and Applied Genetics 109: 
1434-1447. 
Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L. & Wold, B. (2008) Mapp ing 
and quantifying mammalian transcriptomes by RNA-Seq. Nature Methods 5: 
621-628. 
Murray, G. M. & Brennan, J. P. (2009) The Current and Potential Costs from 
184 
Diseases of Wheat in Australia. Grains Research and Development 
Corporation . 
Naga lakshmi, U., Wang, Z., Waern, K., Shau, C., Raha, D., Gerstein, M. & Snyder, M. 
(2008) The transcri ptional landscape of the yeas t ge nome defined by RNA 
seq uenci ng. Science 320: 1344-1349. 
Nagy, E., Lee, T.-C., Ra makrishna, W., Xu, Z., Klein, P., SanMiguel, P., Cheng, C.-P., Li, 
J., Devos, K., Schertz, K., Dunkle, L. & Bennetzen, J. (2007) Fine map ping of 
the Pc locus of Sorghum bicolor, a ge ne controlling the reaction to a fungal 
pathogen and its host-selective toxin. Theoretical and Applied Genetics 114: 
961-9 70. 
Nagy, E. D. & Bennetzen, J. L. (2008) Pathogen corruption and site-directed 
recombination at a plant disease resistance gene cluster. Genome Resea rch 
18: 1918-1923. 
Oliver, R. P., Friesen, T. L., Faris, J. D. & Solomon, P. S. (2012) Stagonospora 
nodorum: From Pathology to Genomics and Host Resistance. Annual Review 
of Phytopathology 50 : 23-43. 
Pandelova, I., Betts, M. F., Manning, V. A., Wilhelm, L. J., Mockler, T. C. & Ciuffetti, L. 
M. (2009) Analysis of transcriptome changes induced by Ptr ToxA in wheat 
provides insights into the mecha ni sms of plant susceptibility. Molecular 
Plant 2: 1067-1083. 
Petersen, T. N., Brunak, S., von Heijne, G. & Nielsen, H. (2011) SignalP 4.0: 
discriminating s ignal peptides from transmembrane regions. Nature 
Methods 8: 785-786. 
Quinlan, A. R. & Hall, I. M. (2010) BEDTools: A flexible su ite of utilities for 
comparing genomic features. Bioinformatics 26: 841-842. 
Raffaele, S. & Kamoun, S. (2012) Genome evolution in filamentous plant pathogens: 
why bigger can be better. Nature reviews. Microbiology 10: 417-430. 
185 
Ransom, R. F., Hipskind, J., Leite, B., Nicholson, R. L. & Dunkle, L. D. (1992) Effects of 
elicitor from Colletotrichum graminicola on the response of sorghum to 
Periconia circi nata and its pathotoxin. Physiological and Molecular Plant 
Pathology 41: 75-84. 
Reinhold-Hurek, B. & Hurek, T. (2011) Living inside plants: bacterial endophytes. 
Curr Opin Plant Biol 14: 435-443. 
Sachetto-Martins, G., Franco, L. 0. & de Oliveira, D. E. (2000) Plant glycine-rich 
proteins: a family or just proteins with a common motif? Biochimica et 
Biophysica Acta 1492: 1-14. 
Sanger, F. & Coulson, A. R. (1975) A rapid method for determining sequences in 
DNA by primed synthesis with DNA polymerase.Journal of Molecular 
Biology 94: 441-448. 
Sarma, G. N., Manning, V. A., Ciuffetti, L. M. & Karplus, P.A. {2005) Structure of Ptr 
ToxA: An RGD-containing host-selective toxin from Pyrenophora tritici-
repentis. Plant Cell 17: 3190-3202. 
Saunders, D. G., Win, J., Cano, L. M., Szabo, L. J., Kamoun, S. & Raffaele, S. (2012) 
Using hierarchical clustering of secreted protein families to classify and 
rank candidate effectors of rust fungi. PLoS One 7: e29847. 
Schwartz, S., Oren, R. & Ast, G. (2011) Detection and removal of biases in the 
analys is of next-generation sequencing reads. PLoS ONE 6: el 6685. 
Shlezinger, N., Mi nz, A., Gur, Y., Hatam, I., Dagdas, Y. F., Talbot, N. J. & Sharon, A. 
(2011) Anti-apoptotic machinery protects the necrotrophic fungus botrytis 
cinerea from host-induced apoptotic-like cell death during plant infection. 
PLoS Pathogens 7: el 002185. 
Sieber, T., Riesen, T. K., Muller, E. & Fried, P. M. (1988) Endophytic Fungi in Four 
186 
Winter Wheat Cultivars (Triticum aestivum L.) Differing in Resistance 
Against Stagonospora nodorum (Berk.) .Journal of Phytopathology 122: 
289-306. 
Soanes, D. M. & Talbot, N. J. (2005) A bioinformatic tool for analysis of EST 
transcript abundance during infection-related development by 
Magnaporthe grisea. Mo/ Plant Pa tho! 6: 503-512. 
Socquet-Juglard, D., Kamber, T., Pothier, J. F., Christen, D., Gessler, C., Duffy, B. & 
Patocchi, A. (2013) Comparative RNA-Seq Analysis of Early-Infected Peach 
Leaves by the Invasive Phytopathogen Xanthomonas arbo ricola pv. pruni. 
PLoS ONE 8 : e54196. 
Solomon, P. S., Lowe, R. G. T., Tan, K. C., Waters, 0. D. C. & Oliver, R. P. (2006) 
Stagonospora nodorum: Cause of stagonospora nodorum blotch of wh eat. 
Molecular Plant Pathology 7: 147-156. 
Srivastava, S. & Chen, L. (2010) A two-parameter generalized Poisson model to 
improve the analysis of RNA-seq data. Nucleic Acids Res 38: el 70. 
Stergiopoulos, l. & De Wit, P. J. G. M. (2009) Fungal effector proteins. Annual Review 
of Phytopathology 4 7: 233-263. 
Sun, Z. & Zhu, Y. (2012) Systematic comparison of RNA-Seq normalization methods 
using measurement error models. Bioinformatics 28: 2584-2591. 
Sweigard, J. A., Carroll, A. M., Ka ng, S., Farra ll , L., Chumley, F. G. & Valent, B. (1995) 
Identification, cloning, and characterization of PWL2, a gene for host 
species specifici ty in the rice blast fungus. Plant Ce/1 7 : 1221-1233. 
Tai, Y. S., Bragg, J. & Meinhardt, S. W. (2007) Functional characterization ofToxA 
and molecular identification of its intrace llular targeting protein in wheat. 
American journal of Plant Physiology 2: 76-89. 
187 
Tan, K. C., Heazlewood, J. L., Millar, A. H., Thomson, G., Oliver, R. P. & Solomon, P. S. 
(2008) A signaling-regulated, short-chain dehydrogenase of Stagonospora 
nodorum regulates asexual development. Eukaryotic Cell 7: 1916-1929. 
Tan, K. C., Oliver, R. P., Solomon, P. S. & Moffat, C. S. (2010) Proteinaceous 
necrotrophic effectors in fungal virulence. Functional Plant Biology 37: 907-
912. 
Tan, K. C., Trengove, R. D., Maker, G. L., Oliver, R. P. & Solomon, P. S. (2009) 
Metabolite profiling identifies the mycotoxin alternariol in the pathogen 
Stagonospora nodorum. Metabolomics 5: 330-335. 
Terry, L.A. & Joyce, D. C. (2004) Elicitors of induced disease resistance in 
postharvest horticultural crops: A brief review. Postharvest Biology and 
Technology 32: 1-13. 
Tomas, A., Feng, G. H., Reeck, G. R., Backus, W. W. & Leach, J.E. (1990) Purification 
of a cultivar-specific toxin from Pyrenophora tritici-repentis, causal agent of 
tan spot of wheat. Molecular Plant-Microbe lnteract!ons 3: 221-224. 
Trapnell, C., Pachter, L. & Salzberg, S. L. (2009) Top Hat: Discovering splice 
junctions with RNA-Seq. Bioinformatics 25: 1105-1111. 
Van Der Biezen, E. A. & Jones, J. D. G. (1998) Plant disease-resistance proteins and 
the gene-for-gene concept. Trends in Bioch emical Sciences 23: 454-456. 
Vincent, D., Du Fall, L.A., Livk, A., Mathesius, U., Lipscombe, R. J., Oliver, R. P., 
Friesen, T. L. & Solomon, P. S. (2012) A functional genomics approach to 
dissect the mode of action of the Stagonospora nodorum effector protein 
SnToxA in wheat. Molecular Plant Pathology 13: 467-482. 
Voigt, C. A., Schafer, W. & Salomon, S. (2005) A secreted lipase of Fusarium 
graminearum is a virulence factor required for infection of cereals. The 
Plant journal: for cell and molecular biology 42: 364-375. 
188 
Wagner, G. P., Kin, K. & Lynch, V. J. (2012) Measurement of mRNA abundance using 
RNA-seq data: RPKM measure is in consistent among sa mples. Th eory in 
biosciences= Theorie in den Biowissenschaften 131: 281-285 . 
Wang, Z., Zhang, J., Ji a, C., Liu, J., Li , Y., Yin, X., Xu, B. & Jin, Z. (2012) De Novo 
characterization of the banana root transcriptome and analysis of gene 
expression under Fusarium oxysporum f. sp . Cubense tropical race 4 
infection. BMC Genomics 13: e650. 
Wei berg, A., Wang, M., Lin, F. M., Zhao, H., Zhang, Z., Kaloshian, I., Huang, H. D. & Jin, 
H. (20 13) Fungal small RNAs suppress plant immunity by hijacki ng host 
RNA inte rfe rence pathways. Science 342: 118-123. 
Wiese, M. V. 2nd ed. (1987) Compendium of Wheat Diseases. St Paul, MN, USA. 
American Phytopatholoical Society Press. 112 pp. 
Wolpert, T. J., Dunkle, L. D. & Ciuffetti, L. M. (2002) Host-selective toxins and 
avirulence determinants: What's in a name? Annual Review of 
Phytopathology 40: 251-285. 
Zhu, Q.-H ., Stephen, S., Kazan, K., Jin, G., Fan, L., Taylor, J., Den nis, E. S., Helliwell, C. 
A. & Wang, M.-B. (2013 a) Characteriza tion of the defense transcriptome 
res ponsive to Fusarium oxysporum- infection in Arabidopsis using RNA-seq. 
Gene 512: 259-266. 
Zhu, W., Wei, W., Fu, Y., Cheng, J., Xie, J., Li, G., Yi, X., Ka ng, Z., Dickman, M. B. & Jiang, 
D. (2013 b) A Secretory Protein of Necrotrophic Fungus Sclerotinia 
scle rotiorum That Suppresses Host Resistan ce. PLoS ONE 8: e53901. 
Zipfe l, C. (2009) Early molecular events in PAMP-triggered immunity. Curr Opin 
Plant Biol 12: 414-420. 
189 
tll 
(l) 
u
 
.,... 
"O
 
=
 
(l) 
s:. 
s:. 
<
 .. 
co ~ 
(l) 
~
 
s:. 
~
 
0 ~ 
.
.c: 
u
 
8.1 Supplementary information for Chapter 3 
x10 6 
4.5 
4 
U) 35 
..... 
.:: 
;:::s 
0 
U 2.5 
2 
1.5 
1 
0.5 
Fig. S1 
--· ,Jnl1J.L1 "~-· .. ,.~lL .... ~ 
a w ll w K IB m n ~ I ~ I ~ ~ I I C Q « 
Acquisition time (min) 
Extracted compound chromatogram (ECC) of rep resentative w heat extract 
ana lysed in positive mode electrospray ionisation (ES!) using LC-MS. 
191 
140 
QJ 120 > 
'+:i 
.!!! QJ 100 
QJ u 
... C: 
80 "C Ill 
QJ "C 
Ill C: 60 = :::::J 
Ill .Q E Ill 40 
... 
0 
z 20 
0 
Serotonin (lmM) Infected 
Treatment 
Fig. S2 
Relative abundance of serotonin in detached leaves with exogenously 
applied serotonin and infected tissue. The levels of serotonin found in infected 
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Effect of MBOA on sporulation of S. nodorum in vivo. Detached leaf assays 
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the sporula ti on of S. nodorum. No s ignifi cant decrease in sporul ation was observed. 
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Abundance of serotonin derivatives in the presence of multiple effector-
susceptibility gene interactions. Graph showing relative abundance of the two 
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Table S1 
LC-MS profiling of metabolite changes induced by SnToxA infiltration. List of metabolites with significant abundance 
changes between water and SnToxA-infiltrated wheat leaves. LC-MS data was collected in positive and negative mode 
electrospray ionisation. 
Positive mode I Water I SnToxA 
'Accurate Time Predicted Diff Score Putative 
Corrected p 
24 72 12 I 24 I 48 I 72 M+H RT 4 12 48 4 
mass point formula (ppm) metabolite ID value 
285.1325 286.1404 1.67 72 C11 Hl3 N10 0.12 98.0 4.lE-11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
159.0682 160.0761 1.83 48 1.lE-07 9.5 0.0 0.0 0.0 9.6 9.7 9.6 
461.2215 462.2294 1.99 12 C29 H27N50 4.6E-0 7 0.0 0.0 5.1 0.0 5.1 14.5 
-
119.0731 120.08 10 2.15 48 C3 H9N302 8.27 73.4 7.8E-10 11.0 5.4 0.0 5.8 11.1 5.3 
176.0952 177.1031 2.59 72 C10 H12N 20 
Serotonin 
[confirmed) 4.SE-11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
159.0685 160.0764 2.64 72 C10H9NO 0.28 99.9 [serotonin+H] -NH 3 l.8E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
250.1315 251.1394 3.39 72 C13 H18N2 03 1.59 99.1 l.3E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
<D I 187.0632 188.0711 5.09 72 C11 H9N02 0.21 99.7 lndoleacrylic acid l.5E-11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
a, 288.1225 289.1304 5.94 72 6.6E-11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
143.0735 144.0814 6.87 72 C10H9N 0.09 93.0 l.6E-11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
304.1538 305.1617 8.51 72 C15 H20 N403 85.9 1.7E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
246.0468 247.0547 8.97 72 1.6E-1 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
270.1353 271.1432 9.05 48 C14H20N402 1.51 98.6 
p-
coumaroylagmat1ne 
9.2E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
455.2008 456.2087 9.05 48 C18H33N012 0.96 97.9 l.5E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
262.138 263.1459 9.11 48 C29 H38N306 0.25 99.4 3.0E-06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
283.1492 284.1571 9.60 72 C30H40N506 0.6 99.3 l.4E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
234.137 235.1449 9.81 72 C13 H18N 202 [DI MBOA+H] +2 3 3.lE-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00199 ~ 
211.048 212.0559 10.00 72 C9 H9N05 2 99.0 DIMBOA 5.7E-03 0.4 -5.9 -0.1 0.2 -0.3 0.5 0.5 0.0 -0.7 -2.2 
373.1012 374.1091 10.00 72 C15 Hl 9N010 0.76 99.6 DIMBOA-glc 4.5E-03 0.6 -6.0 -0.1 0.3 -0.3 0.7 0.6 0.0 -0.9 
274.1435 275.1514 10.38 72 C16 H20N0 3 3.31 87.7 5.7E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
276.1588 277.1667 10.79 72 C14H20N402 0.56 99.6 2.lE-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.2 19.9 
274.1431 275.1510 10.90 72 C14H18N 402 0.17 47.6 7.7E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.J .J.2J 
594.6713 595.6792 11.21 24 C26 H42N609 1.72 97.8 6.SE-09 0.2 4.4 ·8.4 -4.1 0. 3 8.7 0.1 0.3 9.0 -8.4 
398.1843 399.1922 11.85 48 C22 H2 6N205 0.8 96.8 7.6E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.1 
.ill 
165.0427 166.0506 12.20 48 C8H7N0 3 0.57 99.6 MBOA f confirmed) 1.9E-04 0.2 -1.1 -0.3 -0.6 -0.2 -0.1 0.0 -0.4 1.8 2.1 
"' ..-., 
Table S1 continued 
Accurate 
M+H RT 
mass 
193.0376 194.0455 12.20 
79 1.2597 792.2676 12.20 
404.1431 405.1510 12.20 
225.0641 226.0720 12.22 
387.1166 388.1245 12.22 
260.1639 261 .1718 12.27 
440.2063 441.2142 12.30 
424.2113 425.2192 13.10 
473.1172 474.1251 13.82 
365.1685 366.1764 14.08 
330.1315 331.1394 14.10 
426.179 427.1869 14.15 
346.1055 347.1134 14.42 
426.1797 427.1876 14.50 
478.173 479.1809 14.60 
456.1907 457.1986 14.63 
346.1052 347.1131 14.71 
866.4122 867.4201 14.75 
439.2424 440.2503 14.75 
444.1974 445.2053 14.76 
700.2723 701.2802 14.94 
678.2908 679.2987 14.98 
432 .2361 433.2440 15.47 
410.1845 411.1924 15.56 
440.1952 441.2031 15.75 
380.174 381.1819 15.84 
432.1663 433.1742 15.88 
784.3086 785.3165 15.99 
410.1849 411.1928 16.02 
440.194 441.2019 16.14 
814.3192 815.3271 16.18 
352.1424 353.1503 16.49 
708.1878 709.1957 16.61 
Time 
point 
48 
72 
48 
48 
48 
72 
72 
72 
48 
72 
48 
72 
72 
72 
72 
72 
72 
48 
72 
72 
72 
72 
72 
72 
72 
48 
72 
72 
72 
48 
48 
72 
48 
Predicted Diff Putative Corrected p Score 4 formu la (p pm) metabol ite ID va lue 
1.7E-04 0.2 
3.4E-05 0.3 
4.S E-05 0.2 
1.4E-04 0.2 
5.9E-04 0.2 
6.lE-1 0 0.0 
6.3E-09 0.0 
4.9E-09 0.0 
Cl 9H23N013 0.22 99.6 1.8E-08 0.0 
C15H27N09 1.69 97.4 5.9E-10 0. 1 
Cl5 H2208 0.96 96.6 3.6E-10 0.0 
6.0E-10 0.0 
5.5E-09 0.0 
C23 H26N20 6 1.77 98.1 5.5 E-10 0.0 
l.5E-09 0.0 
1.8E-08 0.0 
6.7E-09 0.0 
1.7E-03 0.4 
C19 H37N01 0 0.23 96.5 l.5E-02 0.4 
C17 H28N608 1.38 97.2 1.2E-03 0.3 
4.8E-10 0.0 
C35 H42N4010 0.97 98.6 1.0E-09 0.0 
C21H20 N803 0.54 95.8 7.4E-09 9. 7 
C23 H26N205 0.17 99.6 5.9E-10 0.0 
C24 H28N206 1.04 98.8 4.0E-09 0.0 
C22 H24N 204 1.09 94.6 7.lE-09 0.0 
C21 H20N80 3 0.79 95.4 3.0E-13 0.0 
C36 H36017 0.11 96.0 3.lE-09 0.0 
C23H26N205 1.99 98.0 4.7E-10 0.0 
C24H28 N206 0.78 99.3 1.6E-09 0.0 
2.9E-07 0.0 
C20 H20N204 0.19 99.8 Feruloyltryptamine 9.lE-10 0.0 
4.3E-11 0.0 
Water SnToxA 
12 24 48 72 4 12 24 48 72 
-0.7 -0.3 -0.S -0.2 -0. 1 0.0 -0.3 1.8 2.1 
~ -0.6 -9.3 -0.2 -0.2 -0.2 -4.4 2.5 2.7 
-14.0 -0.4 -9.3 ~ -4.7 -0.1 -4.S 2.0 2.3 
-0.8 -0.3 -0.S -0.1 -0.1 0.0 -0.3 1.7 2.0 
-0.7 -0.3 -0.2 -0.2 0.0 -0.5 -0.2 1.6 1.7 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.7 19.2 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.0 19.1 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.4 19.5 
0.0 0.0 0.0 8.5 0.0 0.0 0.0 ?01 ' .:1\.1. 
~ ".'i4.3 -9.S 0.5 0.6 -9.3 2.7 2.5 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 ---19.0 14.2 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.9 19.6 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.1 
0.0 0.0 0.0 0.0 0. 0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.3 19.4 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 w.z. 
-0.5 0.1 -0.S 0.4 0.4 0.2 -0.3 -1.2 -2.0 
-0.4 0.1 -0.S 0.4 0.3 0.2 -0.3 -0.5 -1.0 
-0.2 0.1 -0.3 0.4 0.2 0.2 -0.1 -0.8 -1.2 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.4 iZM 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.5.-
...ll:_8 18.6 0.0 M 4.5 14.0 4.6 4.5 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
- ··;3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19'.S (#14 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 f* 19.4 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.9 19.4 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.4 18.7 
0.0 0.0 0.0 0.0 0.0 0.0 
0 ~ 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 0.0 0.0 0.0 0.0 0.0 .0 18.2 4.6 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.0 ,_____ 
0.0 0.0 0.0 18.0 0.0 0.0 0.0 · 19,7 19.Z 
Table S1 continued 
Positive mode I Water I SnToxA 
Accurate Time Predicted Diff Score 
Putative Corrected p 24 48 72 12 24 I 48 I 72 M+H RT formula (ppm) metabolite ID value 4 12 4 mass point 
400.1524 401.1603 16.74 72 C22 H2407 1.9 87.6 9.0E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
332.0897 333.0976 16.85 72 1.4E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
328.0951 329.1030 17.78 72 C18 H1 606 0.81 98.3 4.9E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
490.1481 491.1560 17.78 72 C24H26011 0.62 91.7 1.2E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
576.1486 577.1565 18.89 72 C27H28014 1.16 98.5 2.5E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
478.1482 479.1561 18.97 72 C23H2601 1 1.29 98.5 9.7E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
837.2692 838.2771 19.04 48 6.2E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
514.1479 515.1558 19.05 48 C26H26011 1.35 98.6 1.9E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
562.1322 563.1401 19.57 72 C26 H26014 0.06 99.1 2.2E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
176.0475 177.0554 19.89 72 C10 H80 3 0.72 99.5 5.5E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
426.1316 427.1395 19.90 72 1.lE-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
564. 1482 565.1561 19.97 72 C26H28014 0.42 99.0 8.9E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
336.1475 337.1554 20.20 72 C20H20 N20 3 0.42 99.8 4.9E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
"' 
I 452.3291 453.3370 20.53 72 C30 H4603 0.06 99.6 1.0E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 a, 
449.1739 450.1818 21.00 72 2.4E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
343.1295 344.1374 21.02 72 l.3E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
302.106 303.1139 21.02 72 C19H14N202 2.34 97.4 2.0E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
320.1163 321.1242 21.02 72 C19H16 N203 1.51 84.6 7.8E-14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
173.0478 174.0557 21.02 72 C10 H7 N02 2.24 99.1 1.4E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
556.1585 557.1664 21.38 48 C28H28012 0.75 99.0 2.2E-09 0.0 0.0 0.0 0.0 4.5 13.4 4.4 
879.2807 880.2886 21.38 All 8.5E-09 0.0 0.0 0.0 0.0 8.8 I 17.7 
884.2358 885.2437 21.38 48 1.6E-05 -4.9 -9'.8 -0.6 -9-± .. 0.4 0.6 
582.3013 583.3092 21.55 72 1.3E-06 0.0 0.0 0.0 0.0 0.0 4.6 
304.1216 305.1295 22. 12 72 C19H16N202 1.8 99.1 9.0E-10 0.0 0.0 0.0 0.0 0.0 0.0 
442 .2259 443.2338 22.73 12 C28 H30N203 0.8 99.5 2.7 E-06 0.0 4.5 0.0 0.0 10.1 ITT 
346.1056 347.11 35 23.82 72 1.3E-07 0.0 0.0 0.0 0.0 0.0 0.0 
436.3343 437.3422 26.09 72 C30H4402 0.38 99.5 1.4E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
454.3448 455.3527 26.09 72 C30H4603 0.32 99.6 1.SE-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 I 0.0 
328.0946 329.1025 28.70 72 C18H1 606 1.73 97.3 3. lE-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
496.35 32 497.3611 37.82 72 6.0E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Table S1 continued 
Negative mode Water I SnToxA 
Accurate Tim e Predicted Diff Putative Corrected 12 48 72 4 12 24 48 72 M+H RT Score 4 24 
mass point formu la (ppm) metabolite ID p-value 
534.18 533.1723 1.23 72 Cl 9H34017 1.75 97.69 7.7E-03 1.0 -5.6 -6.5 0.4 -1.8 0.0 1.0 -6.3 -0.6 1.2 
192.063 191.0553 1.24 72 C8H8N402 2.29 94.03 l.7E-04 0.4 -0.6 ·1.4 1.0 ·1.5 0.6 0.6 -0.7 -0.3 1.6 
-
--
392.078 391.0703 1.32 72 C13H20N307P 0.9 97.19 1.lE-08 19.2 0.0 0.0 0.0 0.0 0.0 14.4 0.0 9.8 20.9 
-
,_ ,_ 
--
--
-- -476.138 475.1298 1.34 72 C16 H28016 0.17 98.21 8.lE-12 1.4 -9.3 -~1.S.6 0.2 1,18& ~ 1.0 -14.0 0.2 0.5 ,--... 
250.13 249.1224 2.99 48 Cl3H18 N20 3 3.7 96.45 Caffeoylputrescine 4.7E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-798.129 797.1211 6.26 72 2.0E-10 -3.7 -13.6 0.6 -8.7 0.1 -4.0 -3.8 
~ -- ,_ ~ -
- ~ 
736.221 735.2126 7.24 72 C31 H32N1001 0.26 99 7.0E-08 
. 
5.0 10.6 9.6 19.8 5.3 15.0 00 00 00 
,_ 
502.041 501.0327 8.00 12 Cl 9 H18014S 0.54 98.03 2.7E-12 19.9 4.8 9.7 0.0 0.0 4.8 0.0 47 00 00 
~ I -t!) t!) 473.025 472.0174 9.03 72 C19H12N3010 0.3 84.4 7.0E-09 0.2 -8.5 0.3 -8.6 0.2 -4.2 -13.0 ·4 3 -8.5 ·17.4 
-
746.564 745.5556 9.20 72 C34H40N2013 0.34 98.48 9.0E-09 0.8 -5.1 -0.2 -4.8 -0.7 1.0 0.9 -5.1 
595.174 594.1663 9.75 48 1.6E-07 0.0 0.0 0.0 0.0 4.6 0.0 
-
0.0 4.5 
....... 
336.085 335.0767 9.86 48 3.3E-08 9.5 0.0 0.0 4.8 0.0 19.6 4.6 0.0 t"JM 15.6 
- - -356.111 355.1026 9.93 48 C13H22N6P2S 2.11 97.01 2.2E-08 0.7 6.2 10.1 -4.6 -4.5 0.1 5.4 5.1 -9.3 -4.0 
--891.236 890.2277 10.13 72 4.4E-.08 13.3 4.3 14.0 0.0 18.0 0.0 8.6 9.0 .lll_ 0.0 
-
470.181 469.1735 10.96 48 C16H36N602P 0.26 90 3.7E-09 18.4 4.6 18.3 4.6 4.6 9.1 4.7 9.1 0.0 4.5 
- - -854.284 853.2758 11.15 72 4.7E-11 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.0 17.7 
-
-842.283 841.2751 11.46 72 3.4E-02 0.0 0.0 13.3 0.0 19.0 0.0 0.0 0.0 17.9 17.8 
-
----
433.121 432.1133 11.65 48 C21H25N05P2 1.45 97.74 1.6E-04 0.2 -6.4 -0.4 -6.1 -0.5 0.0 0.2 -0.1 1.8 -4.3 
Table S1 continued 
Negative mode I Water I SnToxA 
Accurate I M+H 
I 
I Time Predicted Diff Score Putative Corrected 24 I 48 I RT . formula (ppm) metabolite ID 4 12 24 48 72 4 12 72 mass point p-value 
743.227 742.2193 11.65 48 1.9E-08 0.0 0.0 0.0 0.0 10.1 0.0 0.0 0.0 
536.189 535.1806 11.80 4 C24H35N404P 0.93 96.87 3.8E-09 0.0 -4.9 0.2 ~ . 0.5 -0.1 0.1 -4.5 ,_ 
864.21 863.2019 11.96 12 4.7E-07 0.0 4.4 9.1 4.4 0.0 0.0 17.9 0.0 
-524.174 523.1665 11.97 72 C21H32015 0.34 99.27 Glucoside 4.7E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
480.184 479.1762 12.02 72 1.7E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
742.174 741.1661 12.17 4 C35H34018 0.72 98.92 Quercetin 3.8E-09 0.5 -0.8 1.9 
~ -
2.4 -1.0 -0.6 -4.8 1.8 0.9 
908.236 907.2278 12.30 72 l.8E-09 0.4 -12.6 1.2 -17.0 0.5 -8.4 -8.3 -12.4 -3.4 A 7.0 
560.174 559.1657 1,2 .38 72 1.8E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.4 17.9 
N I 0 0 582.23 581.2219 12.43 72 C24H34N6011 0.69 95.82 2.5E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.4 
--
840.341 839.333 12.79 72 4.9E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.9 19.7 
---
'-
----· 
-·-
246.1 245 .0924 12.82 4 Cl3H14N203 0.52 99.86 
N-acetyl 9.6E-08 14.5 4.8 4.7 0.0 0.0 2,C};l~ 14.9 14.4 9.7 4.8 
tryptophan 
--
r-
----602.185 601.1767 12.88 72 C24H34016 1.07 96.92 2.SE-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ~ 18.1 
--- --
670.188 669. 18 12.90 4 C30H28N4014 0.52 96.31 2.3E-08 17.8 0.0 9.0 0.0 4.5 18.0 8.9 4.5 4.6 0.0 
,_ ,_ 
580.215 579.2068 13.04 48 C28H36013 1.21 95.03 Acanthosi,de B 1.9E-08 0.0 0.0 0.0 0.0 4.5 0.0 0.0 0.0 18.4 19.9 
466.205 465.1966 13.06 72 C20H34012 0.91 99.24 3.8E-02 0.6 -0.1 0.1 -5.0 0.1 -4.4 0.2 0.0 -0.3 -1.0 
466.111 465.1027 13.07 72 C21 H22012 0.74 99.46 Glucoside 5.3E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.4 
436.1 435.0922 13.07 72 C20H20011 1.26 98.87 1.9E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.6 19.5 
359.121 358.1135 13.17 72 C15H21N09 1.02 97.59 Epinephrine 3.7E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.7 glucuronide 
~-
840.341 839.3328 13.24 72 l.ZE-06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.0 18.9 
N 
0 
Table S1 continued 
Negative mode 
Accurate 
M+H RT 
mass 
374.148 373.1398 13.43 
946.23 4 945.2258 13.58 
429.127 428.1189 13.58 
399.117 398.1 086 13.58 
770.205 769.1967 13.70 
696.283 695.275 13.75 
888.306 887.2985 13.76 
750.202 749. 1944 13.80 
838.325 837.3175 13.81 
718.265 717.2573 13.83 
622.226 621.2 179 14.04 
406.184 405.1758 14.04 
517.158 516.1497 14.05 
678.289 677.2808 14.11 
456.189 455.1815 14.16 
840.341 839.333 14.17 
508.157 507.1494 14.18 
41 2.209 411.2011 14.24 
Time Predicted 
point formula 
72 C19 H22 N20 6 
72 
72 Cl 7Hl 7N80 6 
72 Cl 7H21 N0 10 
4 
72 C28 H46N30 17 
48 
48 C28 H46N3017 
72 
72 
72 
72 C18 H3001 0 
4 C25 H27N011 
72 
72 C22 H36N0 3P2 
72 
72 
72 C2 1H 3208 
Diff Puta tive Corrected 
Score 4 12 (ppm) metabolite ID p-value 
0.2 7 96.23 1.7E-08 0.0 0.0 
3.6E-07 0.0 0.0 
0.56 97.93 6.2 E-09 0.0 0.0 
0.28 99.73 4.lE-09 0.0 0.0 
5.5E-l0 13.2 9.4 
0.13 98.82 9.2 E-09 0.0 · 13.5 
2.9E-07 0.0 0.0 
0.24 99 .1 1.9E-12 0.0 0.0 
1.0E-09 0.0 0.0 
6.2 E-09 0.0 0.0 
l.2E· 10 0.0 0.0 
----0.22 99.14 4.0E-10 -13 .7 -13.8 
0.79 90.71 Tr iacetylglyco peri 3.8E-09 4.4 4.4 
ne 
2.4E-09 0.0 0.0 
0.01 88.5 1.8E·09 0.0 0.0 
7.2 E-10 0.0 0.0 
1.lE-08 0.0 0.0 
0.2 99.75 6.5E-03 -0. 3 -9.0 
Water SnToxA 
24 48 72 4 12 24 48 72 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.4 
0.0 0.0 0.0 0.0 0.0 0.0 9.2 19.4 
- -0.0 0.0 0.0 0.0 0.0 0.0 18.4 19.9 
0.0 0.0 0.0 0.0 0.0 0.0 20.0 21.1 
-
,_ 
4.6 0.0 13.3 17.6 17.5 4.4 0.0 0.0 
-~· -13.6 •ftt.S 1.0 1.1 -8.9 5.2 4.5 
----
~ 
0.0 0.0 0.0 0.0 0.0 0.0 17.7 8.6 
0.0 0.0 0.0 0.0 0.0 0.0 17.5 4.4 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.4 
,_ 
0.0 0.0 0.0 0.0 0.0 0.0 19.4 18.8 
-0.0 0.0 0.0 0.0 0.0 0.0 4.6 19.9 
-----
-13.8 -13.8 
·"A( 0.6 0.8 -8.9 1.3 0.9 
4.5 0.0 4.4 18.0 13.5 8.9 0.0 0.0 
-
-- -0.0 0.0 0.0 0.0 0.0 0.0 4.4 18.0 
0.0 0.0 0.0 0.0 0.0 0.0 4.7 1!U 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.1 
0.0 0.0 0.0 4.5 0.0 4.5 4.5 19.0 
-
-3.8 ·1'.J. 1.7 -13.6 -0.2 -0.1 1.7 2.8 
Table S1 continued 
Negative mode I Water I SnToxA 
Accurate I 
I 
I Time Predicted Diff Score Putative I Corrected I I 12 I 24 I 48 I 12 I I 12 I 24 I 48 I 72 M+H RT . (ppm) 4 4 mass point formu la metabolite ID p-value 
I 
42 6.1791 425.1709 I 14.25 I 72 C23 H26N 206 0.48 99 _41 Desmethylmianser 
m glucuronide 
4.2E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
489.174 488.1658 14.26 72 C27 H29N302P 0.99 97.65 2.8E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
456.189 455 .1814 14.43 72 C26H3303PS 0.78 88.12 2.6E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-
522.14 521.1319 14.43 48 C23H27N2010 0.02 93.27 1.9E-1 2 0.4 -9.1 -0.1 -13.5 -4.3 0.5 0.3 -4.5 
--
519.185 518.1767 14.43 72 9.8E-12 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
968.388 967.3798 14.46 72 9.2E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.0 18.1 
"" I 
374.194 373.1858 14.53 72 Cl 7H32N302S 0.9 87.67 6.2E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.4 0 
"" 
508.157 507.1495 14.55 72 C24H33N05P3 0.43 92.11 8.lE-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.6 19.S 
940.284 939 .2759 14.74 72 4.9E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.5 17.7 
678.289 677.2814 14.75 72 C32H44NlOOP 0.57 98.67 l.7E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
492.126 491.1185 14.82 72 C22H18N707 0.84 91.87 7.7E- 10 0.0 9.8 0.0 5.1 0.0 0.0 5.2 0.0 
754.2 32 753.2236 14.87 72 2.2E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
678.289 677.2811 15.01 72 C33 H40N709 0.21 99.63 4.JE-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
410.184 409.1762 15.29 48 C24H22N60 0.05 94.9 1.9E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
0.0 ~84 
736.401 735.3935 15.44 72 C36 H68N205S 0.06 87.75 2.4E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.3 18.S 
676.27 3 675.2652 15.54 72 C34H44014 0.24 98.98 
11-epi- 2.8E-10 I o o I o o I o o I o o I o o I o o I o o I o.o l~I~ Azadirachtin D 
380.173 379.1653 15.55 48 C22 H24N204 1.29 98.62 1.lE-08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0 19.9 9.5 
"' 0 
w 
Table S1 continued 
Negative mode 
Accura te 
M+H RT 
mass 
982.294 981.2858 15.62 
534.173 533.1651 15.63 
352.173 351.1652 15.69 
410.184 409.1761 15.74 
580.178 579.1703 15.77 
352.142 351.1343 15.80 
440.195 439.1866 15.88 
503.19 502 .182 15.89 
494.142 493.1342 15.94 
732.355 731.3475 16.06 
352.142 351.134 16.20 
614.161 613.1526 16.27 
686.204 685.1965 16.34 
494.142 493.134 16.56 
806.335 805.3275 16.62 
Time 
point 
72 
4 
12 
72 
72 
72 
72 
72 
72 
72 
72 
4 
72 
72 
48-72 
Predicted Diff Putative Score formula (ppm) metabolite ID 
C29 H31N204P 0.01 87.28 
C15H2809 0.35 96.26 
C23 H26N20 5 0.54 99.45 Quinaprilat 
C24 H24N1008 0.1 95 
C20H20N204 0.21 94.8 
N-
Feruloylserotoni n 
C24 H28N206 0.89 99.41 
C24H34N402P 0.65 97.53 
C20 H20N204 0.67 98.27 
N-
Feruloylserotonin 
C36 H2 7N206P 0.22 91.87 
C27H44CIN20 0.37 99.18 
Water SnToxA 
Corrected 
p-va lue 4 
12 24 48 72 4 12 24 48 72 
1.5E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.4 18.2 
-
~ 
1.4E-08 4.5 0.0 4.5 0.0 9.0 18.1 13.5 9.0 4. 5 8.9 
4.7E-07 0.0 0.0 0.0 0.0 0.0 14.7 20.0 9.6 0.0 0.0 
1.lE-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-
21.4. 
--
1.7E-09 0.0 0.0 4.6 0.0 18.3 0.0 0.0 0.0 0.0 0.0 
-
-
4.2E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
8.lE-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
. 
6.SE-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.7 18.7 
--
3.8E-06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 l'J.2 
1.7E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.0 
2.SE-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 9.5 18.7 
r-
3.8E-09 8.8 4.4 8.9 0.0 9.0 18.3 17.9 9.0 0.0 0.0 
1.9E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 ~ 2.3E-06 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.2E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 5 
"' 0 
~ 
Table S1 continued 
Negative mode 
Accurate M+H RT 
mass 
778.2 31 777.2226 17.14 
332.183 33 1.1 753 17.17 
536.15 3 535.1448 17.49 
590.329 589.32 15 17.78 
430.126 429.1182 17.92 
476.132 475 .1236 18.18 
820.242 819.2338 18.78 
518.142 517.1339 19.24 
414.131 413.1231 19.39 
214.157 213.149 19.46 
942.2 01 941.1929 19.55 
466.12 3 465.1155 19.5 7 
520.158 519.1501 19.63 
444.141 443 .1333 19.96 
534.355 533.3475 20.22 
Time Predicted 
point . formula 
48 
72 C16H2807 
72 C23H26N3012 
72 
72 C22H2209 
72 
48 
72 C23 H24N3011 
72 C22H2208 
72 C12H2203 
72 
72 C21Hl8N607 
72 C23H26N3011 
72 C23 H2409 
72 C29H48N306 
Diff Putative Score (ppm) metabolite ID 
[2S,3S)-2-
1.54 98.68 
hydroxytri decane-
1,2,3-tricarboxylic 
acid 
0.22 99.46 
0.43 99.8 
0.5 1 99.2 
1.15 99.14 Podophyllotoxin 
0.02 99.8 Dodecanoic acid 
1.15 99.2 
Flavonoid 
glycositle 
5-
0.2 98.6 methoxy podophyll 
otoxin 
1.25 98.9 
Water SnToxA 
Corrected 
p·value 
4 12 24 48 72 4 12 24 48 72 
3.7E-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.9 8.9 
-
2.8E·10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.0 19,3 
1.SE-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-
0.0 *fj 
l.9E·09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.9 
5.2E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 19.0 
1.4E-07 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.8 
l.4E-08 0.0 0.0 0.0 0.0 4.3 4.5 0.0 4.4 
..... 
l.lE-08 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 l'i>.7 
-5.2E-09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.0 19.6 
-
---
2.SE-09 9.8 4.7 9.6 0.0 rltr.3'' 0.0 14.2 4.7 0.0 0.0 
-2.4E·09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 17.4 
4.0E-10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 13.7 19.1 
5.2E·09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 t(~ 
·.·:·--~: '· 
--
6.SE-10 0.0 0.0 5.0 0.0 0.0 0.0 0.0 0.0 14.1 19.7 
l.8E ·09 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.3 21.2 
N 
0 
u, 
Table S1 continued 
Negative mode 
Accurate 
M+H RT 
mass 
320.116 319.1076 20.68 
862.252 861.2437 20.84 
884.233 883.2 254 21.04 
304.121 303.11 34 21.77 
692.39 7 691.3 892 22.0 1 
563.32 1 562.3 131 24.49 
518.36 517.3524 25.8 1 
873.535 872.5266 39.04 
413.199 412.191 50.92 
Time Predicted 
point formula 
72 Cl 9 H16N20 3 
72 
72 
72 C19 H16N202 
72 C38 H6207P2 
12 C25 H48 N408P 
72 C31 H5006 
4 
72 C27 H27N03 
Diff Putative Corrected Score 4 (ppm) metabolite ID p-value 
2.05 97.72 2.2 E-10 0.0 
8.9E-10 9.3 
l.9E-09 0.0 
1.11 99.38 2.8E-10 0.0 
0.53 95.68 9.0E-08 0.0 
,_ 
0.14 99.73 3.3E-07 -17.9 
,_ 
1.06 99.1 l.9E-09 0.0 
3.8E-09 0.0 
0.61 92. 37 7.lE-10 -4.9 
Water SnToxA 
12 24 48 72 4 12 24 48 72 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 
-~ 
4.6 0.0 9.2 0.0 5.0 14.0 0.0 18.7 18.0 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 18.5 18.1 
0.0 0.0 0.0 0.0 0.0 0.0 0.0 '.~ '. ~ 
--4.6 0.0 0.0 17.9 0.0 9.0 4.3 0.0 0.0 
--
--
--
-3.8 -8.5 -13.3 -8.4 0.1 0.5 -13.4 1.3 0.7 
- - m 0.0 0.0 0.0 0.0 0.0 0.0 0.0 14.6 
- --9.5 0.0 0.0 9.8 18.4 14.6 0.0 0.0 0.0 
-
-4.9 5.5 5.5 10.6 0.4 -4.8 0.3 5.7 -10.2 
8.2 Supplementary information for Chapter 4 
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Table S4 GC-MS analys is of SnTox3 infiltrated wheat (cv. BG220 Snn3 locus) at 4-72 hrs post infiltration 
This table lists all polar primary metabolites with significantly different (p < 0.05) abundance in leaf sections of contro l or SnTox3 infiltrated wheat. Metabolites are 
annoated retention time_retention index_base peak_metabolite ID. Abundance values have been normalised to sample we ights and log transformed. Va lues are 
presented with standard error. *** dipicts a sigin ifi cance of p < 0.001, ** p < 0.01 and* p < 0.05. 
RT_RI_B P_Metabolite ID 
10 6 75 Unknown 
10.8_ 174_Unknown 
l 1.1_ 144_U nknown 
13.1_1013_174_Unknown 
2 l.6_1333_14 7 _Glyceric 
acid (3TMS) 
23.3_1406_184_Unknown 
25.2_1488_14 7 _Malic acid 
(3TMS) 
26.2_1539_84_N-
acetylglutamic acid 
(2TMS) 
26.3_1545_29 2_E rythroni 
c acid (4TMS) 
26.5_155 l _l 20_Alanine 
28.6_16 71_103_Ribose 
(4TMS) 
30.7 _1784_292_2-Keto-L-
gluconic acid (5TMS) 
30.9_1797 _217 ~Unknown 
5
. Em t vector control SnTox3 
,g 12 24 48 72 12 24 48 72 
97.7 ± 7.0 100.0 ± 7.7 93.4 ± 8.7 93.2 ± 19.6 88.2 ± 3.2 96.9 ± 3.3 96.6 ± 5.7 99.0 ± 3.4 
183.9 ± 12.3 187.1 ± 12.8 179.7 ± 14.7 185.4 ± 12.4 170.7 ± 16.5 184.2 ± 8.0 177.2 ± 10.6 181.5 ± 3.8 
179.6 ± 14.5 186.9 ± 12.6 179.1 ± 15.0 186.0 ± 15.7 168.2 ± 14.5 182.2 ± 10.8 176.7 ± 14.3 179.8 ± 5.5 
33.5 ± 1.9 35.0 ± 2.3 31.0 ± 2.5 33.3 ± 2.5 27.2 ± 2.5 33.6 ± 1.3 29.1 ± 1.6 31.4 ± 0.3 
33.8 ± 1.9 53.5 ± 6.8 62.5 ± 7.9 65.7 ± 7.0 37.4 ± 4.3 52.8 ± 4.4 81.0 ± 5.1 76.2 ± 6.6 
5.6 ± 2.2 5.0 ± 1.3 
140.2 ± 4.1 130.1 ± 9.2 
22.3 ± 10.0 I 31.6 ± 10.8 
11.2 ± 0.3 
0.0 ± 0.0 
21.8 ± 1.5 
40.5 ± 1.9 
40.7 ± 2.0 
8.6 ± 0.9 
30.4 ± 6.0 
9.3 ± 3.1 
39.2 ± 2.7 
39.2 ± 2.7 
3.0 ± 1.4 I 4.9 ± 1.6 I 3.7 ± 1.4 I 4.3 ± 1.0 
146.4 ± 24.1 I 151.4 ± 33.5 I 139.5 ± 12.1 I 131.8 ± 16.6 
31.4 ± 8.4 I 40.9 ± 2.1 I ND ± 0.0 I 22.6 ± 10.2 
11.0 ± 1.0 
8.9 ± 4.5 
7.1 ± 3.0 
37.3 ± 2.3 
38.1 ± 3.2 
12.2 ± 2.0 
0.0 ± 0.0 
10.8 ± 0.5 
37.3 ± 2,3 
37.3 ± 2.3 
9.0 ± 2.1 
0. 0 ± 0.0 
21.4 ± 0.5 
37.2 ± 2.6 
37.2 ± 2.6 
7.9 ± 1.7 
21.8 ± 6.8 
7.8 ± 1.2 
38.8 ± 1.2 
38.8 ± 1.2 
7.8 ± 1.1 I 7.9 ± 0.4 
161.8 ± 11.1 I 173.6 ± 24.0 
32.3 ± 7.6 I 24.6 ± no 
14.6 ± 1.2 
23.7 ± 4.5 
25.5 ± 1.5 
39.3 ± 2.2 
39.3 ± 2.2 
16.0 ± 1.6 
24.1 ± 3.0 
20.6 ± 1.1 
41.8 ± 1.5 
41.9 ± 1.4 
N 
0 
0, 
Table S4 continued 
Em t vecto r control SnTox3 
RT _RI_BP _Metabolite ID I Sig 12 24 48 72 12 24 48 72 
31.4 1824 217 Unknown I *** I 27.1 ± 5.9 0.0 ± 0.0 9.1 ± 4.3 12.5 ± 7.3 24.3 ± 3.5 0.0 ± 0.0 37.8 ± 7.0 68.3 ± 4.9 
31.4_1826_191_Unknown *** 17.5 ± 1.1 12.8 ± 1.8 16.3 ± 2.5 16.3 ± 1.4 15.2 ± 0.8 13.4 ± 2.1 22.2 ± 1.7 22.5 ± 1.5 
32.7_1893_275_Unknown *** 45.9 ± 4.2 44.4 ± 2.3 42 .3 ± 3.7 42.4 ± 2.3 49.4 ± 1.8 44.3 ± 9.2 0.0 ± 0.0 0.0 ± 0.0 
32.8_1901_103_Fructose 
33_191 1_204_Unknown 
33.1_1915_319_Glucose 
(5TMS) 
33.4_1932_319_Glucose 
{BP} (5TMS) 
34.2_1975_ 420_Unknown 
34.6_2000_204_Unknow n 
35.4_2 045_204_Unknown 
36.9_2 129_319_Unknown 
39.6_23 03_31 S_Fructose-
.16-phos phate (6TMS) 
39.8_2314_204_Unknown 
39.8_2 316_387 _Glucose-6-
phosphate (6TMS) 
40.1_233 4_299 _Gl ucose-6-
phosphate (6TMS) 
40.7 _2382_2 l 7 _Unknown 
40.9_2398_204_U nknown 
109.5 ± 8.8 92.4 ± 13.3 87.1 ± 12.0 101.8 ± 1.6 104.8 ± 3.1 91.5 ± 9.2 145.6 ± 11.7 159.3 ± 21.0 
96.3 ± 20.4 35.2 ± 33.3 34.6 ± 4.5 44.1 ± 10.1 79.1 ± 16.3 36.0 ± 14.5 78.5 ± 11.5 98.0 ± 31.5 
** 1 216.1 ± 28.7 I 130.1 ± 144.8 I 141.2 ± 25.6 I 156.4 ± 22.4 I 202.6 ± 11.6 I 127.2 ± 22.2 I 210.4 ± 19.2 I 212.s ± 64.9 
144.2 ± 19.5 
21.5 ± 2.9 
142.9 ± 25.6 
37.3 ± 3.6 
14.9 ± 0.6 
20.4 ± 1.3 
38.7 ± 3.4 
46.4 ± 3.8 
13.0 ± 0.9 
28.6 ± 3.8 
10.9 ± 2.3 
64.2 ± 74.6 
0.0 ± 0.0 
73.4 ± 60.4 
0.0 ± 0.0 
13.1 ± 1.4 
31.7 ± 2.5 
24.3 ± 9.3 
62.4 ± 4. 6 
19.6 ± 1.5 
32.2 ± 1.6 
17.8 ± 1.7 
73.8 ± 13.4 
0.0 ± 0. 0 
74.2 ± 9.4 
8.9 ± 3.8 
13.7 ± 1.7 
19.9 ± 1.8 
20.4 ± 6.3 
34.4 ± 3.9 
8.9 ± 1.0 
20.7 ± 2.5 
23.0 ± 1.9 
86.9 ± 13.0 
0.0 ± 0.0 
91.0 ± 7.5 
9.6 ± 4.6 
16.7 ± 1.4 
21.7 ± 1.5 
0.0 ± 0.0 
40.3 ± 4.5 
11.3 ± 1.2 
24.8 ± 1.9 
18.1 ± 3.8 
131.6 ± 7.2 
17.5 ± 0.9 
124.8 ± 18.0 
31.6 ± 3.0 
12.1 ± 0.6 
15.3 ± 1.2 
30.1 ± 2.8 
36.9 ± 3.0 
9.7 ± 0.9 
24.8 ± 1.4 
10.0 ± 2.3 
62 .3 ± 11.0 
0.0 ± 0.0 
69.9 ± 10.1 
0.0 ± 0.0 
11.9 ± 0.4 
29.5 ± 0.6 
0.0 ± 0.0 
59.4 ± 3.0 
18.5 ± 0.9 
28.5 ± 0.8 
19.3 ± 0.6 
138.9 ± 13.7 
20.0 ± 2.0 
129.4 ± 15.4 
32.9 ± 2.3 
21.0 ± 0.8 
23.6 ± 1.4 
33.9 ± 8.2 
44.9 ± 2.9 
12.8 ± 0.7 
31.2 ± 2.6 
44.0 ± 2.9 
141.8 ± 46.6 
21.8 ± 6.7 
145.7 ± 39.7 
35.0 ± 8.7 
19.1 ± 2.2 
28.8 ± 2.0 
29.2 ± 15.8 
54.7 ± 3.2 
17.0±0.9 
29.9 ± 1.2 
46.2 ± 2.4 
N 
0 
ill 
Table S4 continued 
Em vector control SnTox3 
RT _Rl_8P _Metabolite ID I Sig 12 24 48 72 12 24 48 72 
44.2 2633 361 Sucrose ** (8TMS) - - 279.1 ± 19.8 279.0 ± 15.3 284.9 ± 18.5 288.5 ± 9.7 281.6 ± 8.9 283.3 ± 6.2 292 .1 ± 11.9 294.0 ± 5.8 
47.9_2926 217_Unknown *** 7.9 ± 0.7 6.7 ± 1.4 5.6 ± 1.6 6.9 ± 0.5 5.7 ± 0.4 7.3 ± 0.7 13.7 ± 1.9 12.1 ± 1.5 
48.1 2940 297 Unknown * 15.3 ± 6.9 23.1 ± 5.1 37.0 ± 1.4 25.4 ± 8.4 0.0 ± 0.0 0.0 ± 0.0 31.7 ± 8.2 29.2 ± 8.9 
48.3_2959_345_Unknown 
49.7 _3081_249_Un known 
50_3109_204_Unknow n 
52.7 _3366_36 l_Raffinose 
(llTMS) 
56.4_204_Unknown 
9_ 148_Unknown 
9.4_ 153-Unknown 
12.0 ± 6.3 19.8 ± 2.2 32.1 ± 4.9 34.9 ± 9.1 8.1 ± 3.2 21.4 ± 2.8 65.9 ± 20.9 53.3 ± 6.7 
10.8 ± 2.9 9.7 ± 2.2 10.2 ± 1.2 0.0 ± 0.0 9.6 ± 2.3 8.3 ± 2.8 9.2 ± 2.3 9.6 ± 2.9 
6.3 ± 0.9 6.9 ± 1.0 5.4 ± 1.5 4.9 ± 1.0 4.7 ± 1.0 5.4 ± 1.1 6.0 ± 0.7 8.3 ± 0.4 
46.2 ± 5.5 9. 1 ± 10.8 43 .3 ± 4.9 27.3 ± 3.9 39.1 ± 4.6 8.7 ± 2.0 45.0 ± 8.6 
13.5 ± 4.6 22.3 ± 2.8 21.9 ± 3.6 18.8 ± 1.8 0.0 ± 0.0 0.0 ± 0.0 24.8 ± 2.4 
46.7 ± 2.9 48.S ± 3.8 43.4 ± 3.8 42.7 ± 9.0 40.2 ± 1.2 42.4 ± 8.6 45.7 ± 2.4 
10.4 ± 0.8 8.7 ± 1.9 8.7 ± 0.7 0.0 ± 0.0 6.9 ± 1.6 7.1 ± 2.3 9.8 ± 0.5 
47.9 ± 12.8 
19.7 ± 2.5 
47.3 ± 1.3 
10.5 ± 0.3 
Table S5 GC-MS analysis of apopiast extracted from SnTox3 infiltrated wheat ( cv. BG220 Snn3 locus) at 4-72 hrs post infil tration 
This tab le lists ail polar primary metabolites with sign ificantly different (p < 0.05) abundance in the apoplas t of empty vector control or 
SnTox3 infiltrated w heat. Metabolites are annoated retention time_rete ntion index_base peak_metabolite ID. Abundance va lues have been 
normalised to sample weights and log transformed. *** dipicts a s igin ificance of p < 0.001, ** p < 0.01 and* p < 0.05 . 
Empty vecto1· control SnTox3 
Metabolite ID Sig 4 12 24 48 72 4 12 24 I 48 72 
11 5775 130_Unknown 40.7 ± 1.4 35.0 ± 1.0 44.1 ± 1.2 45.6 ± 3.6 39.0 ± 1.4 37.6 ± 0.9 36.4 ± 0.6 42 .7 ± 2.5 40.7 ± 2.8 31.5 ± 1.9 
l 1.7526_174_Unknown .. 132.4 ± 4.7 122.6 ± 2.8 136.1 ± 4.4 138.1 ± 11.6 128.5 ± 4.2 126.7 ± 4.2 124.9 ± 2.2 133.7 ± 5.2 130.8 ± 11.0 116.9 ± 7. 2 
12 00 144_Unknown 140.2 ± 5.0 13 1.0 ± 2.4 145.3 ± 4.2 147.7 ± 12.5 138.0 ± 4.6 136.1 ± 3.5 133.9 ± 2.6 139.0 ± 7.5 141.4 ± 10.0 124.9 ± 7.3 
13.33_ 10S_Unknown .. 5.8 ± 0.2 4.2 ± 0.2 6.0 ± 0.3 6.2 ± 0.5 5.2 ± 0.3 5.1 ± 0.1 4.6 ± 0.2 6.1 ± 0.4 5.4 ± 0.4 3.7 ± 0.2 
15.09_1048_174_Pyruvic 
acid 2.8 ± 0.0 2.7 ± 0.0 1.0 ± 0.0 1.5 ± 0.0 0.0 ± 0.0 1.4 ± 0.0 1.5 ± 0.9 2.7 ± 1.0 2.6 ± 0.0 4. 1 ± 0.9 
J6.48_1103_174_Unknown 2.3 ± 0.5 0.0 ± 0.0 1.9 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 2.0 ± 0.7 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
18.58_11 77 _241_U nknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 5.4 ± 3.3 3.8 ± 1.9 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
19.90_1228_171_U nknown 13.6 ± 0.6 11.8 ± 0.6 15.3 ± 0.8 17.8 ± 2.0 13.3 ± 0.7 12.8 ± 0.4 12.6 ± 0.3 15.2 ± 1.5 14.8 ± 1.5 10.4 ± 1.0 
N 120.63_1259_132_Serine 36.6 ± 0.6 31.3 ± 0.2 13.6 ± 0.7 14.2 ± 0.8 22.9 ± 0.0 7.4 ± 1.1 44.1 ± 0.4 31.1 ± 0.4 31.4 ± 0.0 34.4 ± 1.1 
0 20.79_1266_174_Unknown 6.5 ± 0.6 5.3 ± 0.8 0.0 ± 0.0 6.4 ± 1.0 5.3 ± 0.5 6.7 ± 0.8 5.8 ± 0.5 3.6 ± 1.5 7.9 ± 0.2 8.3 ± 0.6 
20. 9 7 _12 73_29 9 _Phospho ri 
cacid (3TMS) I ... , 78.5 ± 17. 1 I 34.0 ± 12.0 I 28.2 ± 5.0 I 45.9 ± 9.5 I 60.0 ± 13.6 I 88.4 ± 10.9 51.8 ± 10.3 I 62.9 ± 22.4 81.6 ± 4.3 I 74.2 ± 9.9 
21.53_1297 _11 7 _L-
Threonine (2TMS) 1··· 1 9.7 ± 2.5 I 3.4 ± 1.2 I 2.1 ± 0.9 I 9.3 ± 0.9 I 9.2 ± 1.7 I 10.9 ± 2.0 I 4.1 ± 0.6 I 9. 4 ± 2.1 17.3 ± 0.8 I 12.7 ± 1.5 
22.08_1320_14 7 _Succini c 
acid (2TMS) , ... , 12.4 ± 2.0 I 21.2 ± 1.6 4.4 ± 1.2 I 10.5 ± 1.0 I 7.6 ± 0.8 I 16.2 ± 2.0 21.7 ± 1.2 18.4 ± 3.2 29.9 ± 4.6 I 23.5 ± 1.7 
26.06_1488_147 _Malic acid 
(3TMS) , ... 1 86.7 ± n .s I 90.0 ± n2 I 62.9 ± 9.3 I 117.o ± 14.9 I 127.s ± 14.o I 100.9 ± 5.3 I 9 1.S ± 11.6 I 127.o, 3 1.7 166.0 ± 1•.1 I 186.9 ± 12.3 
2 7 .15_1544_2 9 2_Eryth ro n ic 
acid (4TMS) I ... I 0.0 ± 0.0 
I 
0.0 ± 0.0 
I 
0.0 ± 0.0 
I 
0.0 ± o.p I 0.0 ± 0.0 I 0.0 ± 0.0 I 0.0 ± 0.0 0.0 ± 0.0 0.9 ± 0.4 I 3.6 ± 0.2 
27.54_1565_14 7 _Threonic 
acid (4TMS) *** 3.4 ± 1.5 4.4 ± 0.7 0.0 ± 0.0 6.3 ± 0.9 I 10.1 ± 3.0 I 5.7 ± 0.9 I 4.5 ± 0.3 I 3.4 ± 1.0 18.7 ± 2.4 I 28.6 ± 3.2 
27.94_1587 _ 14 7 _2-
Ketoglutaric acid (2TMS) I • I 9.3 ± 32_0 I 6.4 ± 18.5 4.5 ± 47.7 I 3.4 ± 16.3 I 3.7 ± 25.2 I 0.0 ± 0.0 I 7.0 ± 16.7 I 5.3 ± 6.6 8.7 ± 11.4 I 7.5 ± 26.8 
Table SS continu ed 
Emp ty vec tor contro l SnTox3 
Mctabo\Jtc JD Sig 4 12 24 48 72 4 1 2 24 l 48 72 
20.79_ J 634_246_L-Glutarnic 
acid (3TMSJ 11.7 ± 3.l 40.7 ± 33.1 0.0 ± 0.0 14.0 ± 3.5 14.8 ± 7.1 33.7 ± 17.1 9.5 ± 3.4 24.5 ± 6.4 44.5 ± 3.8 51.7 ± 10.2 
30.75_1742_217 _Unknown 13.7 ± 2.6 15.3 ± t.2 8.9 ± 2. t 14.2 ± 2.3 17.5 ± 1.9 11.5 ± 1.2 12.4 ± 0.8 9.0 ± 1.0 16.7 ± 0.8 25.1 ± 1.9 
3 I .36_1776_14 7 _cis-
Aconitic acid {3TMS} 156.2 ± 23.0 159. 1 ± 29.6 154.5 ± 41.3 158.4- ± 25.1 149.4 ± 51.5 165.7 ± 20.7 156.6 ± 19.1 183.1 ± 36.5 137.8 ± 16.9 156.1 ± 17.6 
3 l .50_ 1703_2CJ2_2-Kclo- L-
glurnnic acid (STMS) 0.0 ± 0.0 5.1 ± 1.3 0.0 ± 0.0 8.8 ± 2.3 6.4 ± 1.7 0.0 ± 0.0 5.6 ± 0.4 0.0 ± 0.0 9.4 ± 1.0 13.6 ± 1.1 
3 I.63_179 1_217 _Unknown 3.5 ± 0.4 2.6 ± 0.2 0.0 ± 0.0 3.3 ± 0.3 2.9 ± 0.7 3.2 ± 0.3 2.8 ± 0.1 2.9 ± 0.2 3.9 ± 0. 1 4.6 ± 0.3 
3 l.76_ 1798_ 179_1,· 
Glutarninc (3TMS) 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 3.4 ± 1.7 10.3 ± 6.1 
32.25_1024_217 _Unknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 2.0 ± 1.2 5.0 ± 1.3 
32.42_ 1834_2 l 7 _Unknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 11.2 ± 5.7 6.8 ± 2.6 
32.57 _ I 8 42_273_Citric acid 
[HMS) 15.4 ± 4.8 52.7 ± 24.5 9.8 ± 2.2 24.5 ± 6.8 13.8 ± 1.5 25.0 ± 2.2 18.9 ± 2.1 29.0 ± 4.6 43.5 ± 2.4 45.6 ± 4.4 
33.23_ I 878_345_0(· )· 
"' 
1
Quinic acid (5TMS) 
33.4 7 _ 1892_ l 03 _Pructose 
91.2 ± 10.1 100.3 ± 12.5 49.8 ± 1 3.4 71.4 ± 12.3 88.3 ± 25.4 104.5 ± 7.2 108.0 ± 6.2 85.2 ± 14.2 118.4 ± 7.0 152.1 ± 10.8 
(5TMS) 141.8 ± 23.0 170.2 ± 15.6 102.5 ± 24.1 138.3 ± 17.2 148.9 ± 22.3 158.0 ± 16.4 172.0 ± 17.0 132.4 ± 17.7 15 4.3 ± 12.3 175.8 ± 24.2 
33.65_ I 902_ 103_Fructose 
{8P) (5TMS) 126.6 ± 20.3 154.8 ± 14.6 88.8 ± 20.1 123.7 ± 15.2 133.4 ± 19.9 142.9 ± 15.3 156.6 ± 15.8 118.4 ± 15.8 139.5 ± 11 .4 16 1.1 ± 23.6 
33.9 1_1916_3 t 9_Glucosc 
[5TMS) 17 1.6 ± 24A 197.4 ± 9.4 138.2 ± 33.4 158.2 ± 21.8 177.0 ± 29.6 183.5 ± 14.7 198.6 ± 1 3.7 149.7 ± 19.7 171.6 ± 15.6 196.5 ± 23.4 
34.23_1933_3 I 9_Glucosc 
{IJP) (STMS) 98.0 ± t6. I 126.7 ± 8.3 64.9 ± 18.4 84.8 ± 12.9 104.5 ± 19.8 110.5 ± 10.3 127.8 ± 11.0 75.8 ± 10.8 97.7 ± 10.0 129.2 ± 22.7 
34.43_1941_3 l 9_Unknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.4 :I: 0.5 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.8 ± 0.4 2.7 ± 0.4 
35.00_1975_21 7 _Unknown 0.0 ± 0.0 7.6 ± 1.2 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 4.2 ± 0.9 8.1 ± 1.3 0.0 ± 0.0 0.0 ± 0.0 11.3 ± 3.1 
35.4 1_ 1990_201_Glucopyra 
nose (STMSJ 8.5 ± 3.0 23.7 ± 9.0 4.0 ± 2.4 21.7 ± 6.1 19.1 ± 5.2 21.0 ± 4.3 17.5 ± 4.3 10.3 ± 1.8 29.2 ± 11.8 51.0 ± 6.4 
Table S5 continued 
Emp ty vector control SnTox3 
Metabolite ID Sig 4 12 24 48 72 4 12 24 I 48 I 72 
35.63_2010_33 3_Gluconic 
acid [6TMS) ... 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 2.2 ± 0.7 I 7.1 ± 1.2 36 23 2043 204 Unknown 8.2 ± 0.4 5.7 ± 0.7 12.5 ± 0.7 1 1.3 ± 1.1 1.6 ± 0.8 0.0 ± 0.0 5.3 :t 0.8 2.7 ± 0.5 13.6 ± 0.5 6.6 ± 0.7 
36.57 _2062_1 l 7 _Hexadecan 
oic acid (lTMSJ 9.8 ± 0.4 8.1 ± 0.8 8.3 ± 0.5 11.5 ± 1.1 9.5 ± 0.6 10.0 ± 0.3 8.8 ± 0.7 11.4 ± 0.7 11.3 ± 0.5 9.9 ± 0.8 
37.13_2092_21 7 _myo-
Inositol (6TMS) 20.7 ± 3.0 23.6 ± 2.4 16.1 ± 2.8 25.9 ± 2.1 35.0 ± 4.0 21.3 ± 2.3 21.9 ± 1.5 23.1 ± 1.8 19.2 ± 0.6 30.7 ± 2.6 
37.42_2 l 08_31 9_Unknown 2.2 ± 0.7 2.5 ± 0.2 0.0 ± 0.0 5.1 ± 0.8 8.3 ± 1.2 2. 1 ± 0.3 1.2 ± 0.4 1.4 ± 0.6 5.8 ± 0.3 11.7 ± 1.1 
37.79_2129_319_Unknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.1 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 2.2 ± 0.1 3.8 ± 0.5 
40.63_2 3 28_2 04_U nknown 8.3 ± 1.3 10.6 ± 1.5 4.5 ± 1.1 14.4 ± 2. 1 18.7 ± 4.7 12.9 ± 3.0 13.2 ± 1.8 13.0 ± 1.5 15.6 ± 0.9 23.3 ± 7.4 
41.55_2404_2 17 _Unknown ... 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 3.7 ± 0.4 2.1 ± 0.5 1.2 ± 0.5 0.9 ± 0.4 3.7 ± 0.3 
41.79_2424_204_Unknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.7 ± 0.7 2.6 ± 0.6 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 3.1 ± 0.2 4.3 ± 0.5 
42 23_246 1 204_Unknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 3.2 ± 0.8 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 1.3 ± 0.6 4.4 ± 0.7 
45.03_2692 361_Sucrose 122.8 ± 33.7 186.2 ± 23.8 65.4 ± 17. l 123.1 ± 27.9 153.8 ± 4 1.4 145.5 ± 41.4 152.9 ± 38.2 127.6 ± 31.3 144.6 ± 17.1 179.2 ± 37.8 
46 .28 2797 361 Maltose 0.0 ± 0.0 3.3 ± 0.6 0.0 ± 0.0 2.4 ± 0.2 3.2 ± 0.8 2.2 ± 0.4 3.3 ± 0.4 2.8 ± 0.8 3.4 ± 0.2 5.5 ± 1.2 
N 
148.77 : 2933:21 7 : unknown ~ 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 2.1 ± 0.2 4.2 ± 0.2 
49.26_2978_204_Unknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 2.8 ± 0.2 4.4 ± 0.6 0.0 ± 0.0 0.0 ± 0.0 1.4 ± 0.6 4.4 ± 0.4 8.3 ± 0.7 
, 149.75_3023_375_Unknown 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 6. 1 ± 1.0 11 .3 ± 1.1 
50.91_313 1_204_Unknown ... 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 3.0 ± 0.7 3.7 ± I.I 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 3.6 ± 0.2 7.4 ± 2.0 
S0 .96_31'36_249_Unknown .. 10.7 ± 1.7 2.6 ± 1.4 3.5 ± 1.0 4.4 ± 1.3 3.8 ± 0.6 6.8 ± 2.5 8.6 ± 1.1 7.0 ± 0.7 3.7 ± 1.6 2.9 ± 0.6 
53.56_3 356_36 l_Raffinose . 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 5.8 ± 0.8 4.5 ± 1.8 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 5.7 ± 1.0 8.2 ± 1.2 
831 117_Unkn own 6.0 ± 0.2 4.7 ± 0.2 6.7 ± 0.3 6.7 ± 0.4 5.5 ± 0.3 5.4 ± 0.2 5.1 ± 0.1 6.7 ± 0.5 5.8 ± 0.4 4.3 ± 0 .3 
8.68 188_Unknown 83.2 ± 3.0 74.4 ± 2. 1 87.9 ± 1.9 9 1.2 ± 8.9 80.5 ± 2.8 78.6 ± 2.5 76.9 ± 2.0 85.8 ± 6.7 84.1 ± 7.4 68.3 ± 4.7 
9.22_ 9l_Unknown 3.7 ± 1.4 4.9 ± 0.1 0.0 ± 0.0 4.4 ± 1.7 4.6 ± 1.1 0.0 ± 0.0 4.6 ± 1.1 0.0 ± 0.0 2.7 ± 1.3 0.0 ± 0.0 
9 64 130_Unknown 100.2 ± 3.8 92.9 ± 3.9 106.9 ± 4.0 110.0 ± 10.6 98.4 ± 4.8 94.9 ± 2.9 93.9 ± 2.3 105.5 ± 7.5 100.9 ± 9.3 86.9 ± 4.9 
N 
w 
Table S6 LC-MS analysis ofSnTox3 infiltrated wheat (cv. BG220 Snn31ocus) at 4- 102 hrs post infi ltration 
This tab le lists all semi -polar metabolites with s ignificantly different (p < 0.01} abundance in empty vector 
Putative Metabolite Empirical Theoretical Found m/z MS/MS RT ID class formula m/z m/z error Mass fragments foom) 
2.85 No formula 370.1 6097 369.156 found 
37.37 Various C18 H37N02 300.290254 282.27737 281.2724 
13.83 Various C10 H1204 197.081385 197.07839 2.99 196.0736 
313.0680, 
Flavo ne 343.0814, 17.05 Various glycoside C27 H30015 595.1663 595.16509 1.21 594.1603 367.081 4, 409 .0899, 
445.0962 
12.28 No match C14 H16N402 273.13515 1 321.18969 320.1849 
132.0432 
4.95 Dhurrin Cyanogenic C14H17N07 312.1 08329 312.10549 2.84 311.1007 [M+H-J+ glycoside 334.077 
[M+Na]+ 
25.36 Marioside C22H34010 459.220345 459.22069 -0.34 458.2159 
21.43 No match C23H24N6011 561.158134 56 1.15579 2.34 560.151 
13.78 Various C16H20010 373.113474 373.11069 2.78 372.1059 
Time point of Corrected 
significant p-value 
change 
102 1.29E-13 
12 5.48E-13 
48/1 02 5.SlE-13 
102 8.18E- 13 
102 6.99E-12 
12 1.0lE-11 
102 1.40E-11 
72 1.40E-11 
102 1.88E-11 
N 
.,. 
Table S6 continued 
Putative Metabolite RT ID class 
12.36 No match 
Feruloylqu Methoxycin 9.28 inic acid namic acid 
39.21 
30.55 Various 
. 30.63 
43 .80 No match 
16.23 No match 
42.66 
2.98 
3.40 No match 
18.33 No match 
20 .80 No match 
Empirical Theoretical 
formula m/z 
C23 H32 N4011 541.214585 
C17H2009 369.11856 
No formu la 
found 
C17H1407 331.08178 
No formula 
found 
C41 H59N903 726.48191 
C13H18 N2011 379.098887 
No formula 
found 
No formul a 
found 
C23H31N011 498.197539 
C19 H29N010 432 .186974 
C28H39N013 598.249969 
Found m/z MS/MS Time point of Corrected 
m/z error Mass fragments significant p-value fnnml chanee 
541.21199 2.60 540.2072 102 4.08E-11 
145.0284 
[feru li c acid 
- H20-
369.11579 2.77 368.111 OCH3]+ 48/102 6.34E-11 
177.0540 
[ferulic ac id 
+ H - H20]+ 
854.58227 853.5773 12 1.lOE-10 
331.07917 2.61 330.0742 102 l.54E-10 
843.22957 842.2246 48 l.60E-10 
726.47737 4.54 725.4724 102 2.92E-10 
379.09679 2.10 378.092 48 2.97E-10 
784.47617 783.4712 48 l.91E-09 
485.22159 484.2168 102 3.13 E-09 
498.18969 7.85 497.1849 48/72 3.30E-09 
432.18339 3.58 431.1786 48/102 4.09E-09 
598.24807 1.90 597.2431 48 6.73E-09 
N 
u, 
Table S6 continued 
Putative Metabolite RT ID class 
31.99 
2.36 
16.20 No match 
13.78 No match 
32.93 No match 
11.84 No match 
Chlorogen i Hydroxycin 13.87 
c ac id nam ic ac id 
14.09 No match 
19.22 No match 
39.66 
Empirical Theoretical 
formula m/z 
No formu la 
found 
C16H23N010 390.140024 
C16H23N09 374.145109 
C16H23N010 390.140024 
C28H30N203 443.23 3468 
C17H20N8 33 7.188917 
C16H1809 355.10291 
C27H24N4011 581.151985 
C22H34011 475.21794 
No formula 
found 
Found m/z MS/MS Time point of Corrected 
m/z error Mass fragments s ignificant p-value fppm) change 
880.28397 879.279 72 1.lOE-07 
130.07799 129.0732 48/72 l.60E-07 
374.14189 3.22 373.1371 Time/treatmen t l.75E-06 
390.13747 2.55 389.1325 102 4.65E-05 
443.23149 1.98 442.2267 12/24/48 5.68E-05 
337.18529 3.63 336.1805 Time/treatmen t 0.002 
209.1637, Time/treatmen 355.10039 2.52 354.0956 145.0279, 0.01 
123.0453 t 
581 .14869 3.30 580.1439 Time/treatmen 0.01 t 
475.21499 2.95 474.2102 Time/treatmen 0.01 t 
678.47769 677.4729 Time/treatmen t 0.01 
N 
0) 
Table S6 continued 
Retention 12 
I Time 
2.85 -3.97 
37.37 11.30 
13.83 -4.06 
17.05 -2.8 3 
12.28 -3.57 
4.95 -3.25 
25.36 -1.88 
21.43 -3 .98 
13.78 -1.98 
Empty vector control 
24 I 481 72 I 102 
-3.97 0.63 2.08 -3.97 
-6.58 -6.58 5.21 -2.12 
-4.06 -4.06 -4.06 -4.06 
-2.83 -2.83 -2.83 -2.83 
-3.57 -3.5 7 -3.57 -3.57 
-3.25 1.84 -3 .25 -3 .25 
-1.88 -1.88 -1.88 -1.88 
4.86 -3.94 -8.26 -8.26 
-1.98 -1.98 -1.98 -1.98 
SnTox3 
12 
I 
24 
I 
48 72 102 
-3.97 -3.97 2.38 0.75 15.14 
-6.58 2.36 -0.6 3 2.42 2.35 
-4.06 -4.06 15.07 0.67 15.42 
-2.83 -2.8 3 3.37 1.82 14.73 
-3.5 7 -3.57 9.23 1.00 16.18 
17.33 1.96 -3.25 -3.25 -3.25 
-1.88 -1.88 -1.88 -1.88 15.94 
4.73 4.84 9.26 9.25 -8.26 
-1.98 -1.98 -1.98 -1.98 16.83 
Table S6 continued 
Em vecto r control SnTox3 
Retention 12 48 72 102 12 24 48 72 102 Time 
12.36 -2.41 -2.41 -2 .41 -2.41 -2.41 -2.41 -2 .41 3.57 -2.41 16.03 
9.28 -4.97 -4.97 -4.97 -4.97 -4.97 -4.97 -4.97 16.12 5.24 16.24 
39.21 6.09 5.58 5.59 -11.09 1.29 -11.09 -2.74 0.39 1.70 1.61 
N 
~ 
--J 30.55 7.24 -1 .74 -1.96 -10.84 -10.84 7.27 6.90 -4.83 -2.06 6.93 
30.6 3 -4.41 -4.41 -4.41 -4.41 -0.40 -4.41 -4.41 12.18 3.91 12.72 
43.80 1.06 -3.87 6.54 6.64 6.65 1.31 0.76 6.23 -8.54 -13.57 
16.23 -4.03 -4.03 -4.03 -4.03 0.55 -4.03 -4.03 14.63 -4.03 15.70 
42.66 -4.30 4.17 -8.52 2.66 0.30 -8.52 -0.04 8.35 4.19 4.45 
2.98 -1.74 -1 .74 -1 .74 -1.74 -1.74 -1 .74 -1 .74 -1.74 -1 .74 14.82 
3.40 -0.56 -0.32 -9.72 -9.72 -9 .72 8.55 8.73 8.96 8.81 -5.2 0 
18.33 -6.82 -6.82 -6.82 -6.82 10.89 -6.82 -6.82 12.00 6.52 12.79 
20.80 -4.64 -4.64 -4.64 -4.64 4.26 -4.64 -4.64 12.76 -0.3 5 13.22 
N 
a:, 
Table S6 continued 
Retention 12 Time 
31.99 -6.19 
2.36 -5.54 
16.20 -11.99 
13.78 -10.53 
32.93 -7.50 
11.84 -0.91 
13.87 -1.47 
14.09 2.91 
19.22 -1.37 
39.66 0.34 
Empty vector control 
24 48 72 102 
-6.19 -2.18 -6.19 -2.18 
-5.54 -5.54 -5.54 -5.54 
-11.99 7.64 6.91 8.87 
-5.96 3.40 1.74 8.39 
-7.50 -7.50 -7.50 -3.04 
0.55 -0.14 0.03 -0.07 
-1.47 -1.47 -1.47 -1.47 
3.05 1.19 3.11 -3.98 
-1.37 -1.37 -1.37 -1.37 
-0.07 -0.15 -0.12 0.00 
SnTox3 
12 24 48 72 102 
-2.12 -6.19 10.83 11.10 10.48 
-5.54 -0.78 15.73 16.21 4.65 
-11.99 -11.99 9.60 8.49 10.57 
-10.53 -10.53 8.93 8.49 9.27 
11.26 12.58 12.08 5.75 -7.50 
-2.02 -0.45 0.69 0.60 1.90 
-1.47 -1 .47 -1 .47 -1.47 12.51 
3.36 3.31 2.79 2.71 -16.98 
-1.37 -1.37 -1.37 -1.37 11.61 
-0.52 -0.27 0.39 0.30 0.18 
8.3 Supplementary information for Chapter 5 
21 9 
"' 
"' 0 
Table 8.3.1 
RNA sequencing coverage of the 104 S. nodorum genes considered to be expressed across the entire datase t. Coverage was 
normalised to transcript length to obtain the number of reads per kilo base of exon model (RPK). Student t-test was used to 
determine differentially expressed genes between individual conditions (p < 0.05). 
Non-normalised data 
Total Length RPK BR34 Grandin 
Locus Gene ID cov (bp) (*1000) 8 I 24 I 48 8 I 24 I 48 
dataset 
1 / 2 / 3 / 1/2/3 / 1/2/3 1 I 2 I 3 I 1 I 2 I 3 I 1 I 2 I 
01:355543-357370 SNOG_00148 764 1827 418.17 49 32 49 18 14 13 27 8 9 116 127 156 37 26 23 25 16 
15:2 37171-237635 Unidentifi ed 650 464 1400.86 0 0 0 19 14 2 22 59 20 0 0 0 131 93 64 81 58 
08:1252681-1256022 SNOG_07794 324 3341 96.98 2 2 0 12 4 0 6 11 7 4 2 2 30 41 30 89 35 
20:528382-529113 SN OG_l1847 315 731 430.92 21 15 16 10 6 4 21 5 5 72 62 88 27 23 8 20 7 
35:140723-142093 SNOG_l4859 255 1370 186.13 9 17 13 0 0 0 4 0 0 56 46 104 0 2 2 0 0 
15:495407-496867 SNOG_09659 245 1460 167.81 4 3 2 11 8 13 42 10 8 2 6 8 34 31 12 33 36 
ll:859451-860764 SNOG_07065 241 1313 183.55 0 0 0 11 1 2 3 12 3 2 0 2 54 49 31 27 22 
08:607262 -608495 SN OG_07502 234 1233 189.78 0 2 0 8 2 13 9 14 6 0 1 0 56 20 14 32 23 
01:381975-382937 SNOG_00161 225 962 233.89 0 0 0 8 0 4 2 14 12 0 0 0 33 61 36 22 9 
11:541165-5 42893 SNOG_06925 216 1728 125.00 4 5 1 18 10 10 20 14 0 7 10 20 23 10 18 15 8 
15:657286-658173 SNOG_09736 213 887 240.14 6 8 14 0 7 2 4 0 4 40 48 45 11 2 4 2 4 
01:1805424-1806725 SNOG_00807 201 1301 154.50 1 0 0 9 4 9 16 8 4 0 0 0 31 23 41 27 11 
41:213127-213693 SN OG_l5917 199 566 351.59 12 8 9 6 5 4 8 3 2 37 33 25 12 12 10 37 22 
04:184185-186911 SNOG_02647 195 2726 71.53 4 13 4 8 8 3 14 6 4 20 32 34 16 11 10 2 2 
29:68198-69433 SNOG_139 24 194 1235 157.09 4 4 8 0 0 2 4 4 8 20 17 13 22 23 2 22 15 
08:721431 -72 3333 SNOG_07548 172 1902 90.43 0 0 : 0 10 6 4 7 14 5 0 3 3 25 22 13 13 20 
17:596729-597973 SNOG_10667 170 1244 136.66 12 8 8 6 2 6 1 5 1 34 38 31 10 1 0 3 3 
01:21 21359-2122762 SN OG_00960 150 1403 106.9 1 0 2 2 1 2 4 12 7 5 2 2 4 21 22 12 20 13 
17:411613-412250 SNOG_10569 146 637 229.20 0 0 0 8 0 0 8 9 5 0 0 2 19 29 8 19 16 
02:4 77378-4 78172 SNOG_01331 146 794 183.88 4 5 2 2 2 3 14 6 3 22 15 24 11 6 2 12 4 
07:548523 -5 49919 SN OG_05032 146 1396 104.58 3 2 0 6 4 21 9 10 2 2 8 8 21 9 7 14 15 
06:1196695-1198280 SNOG 04645 138 1585 87.07 6 2 7 2 2 4 8 4 7 8 28 10 6 12 4 13 8 
3 
19 
87 
47 
31 
2 
46 
22 
34 
24 
23 
12 
17 
28 
4 
26 
27 
1 
19 
23 
9 
5 
7 
N 
N 
Table 8.3.1 continued 
Locus Gene IO 
09:314335-316103 SNOG_0560 1 
05:915997-917777 SNOG_03780 
22:430090-431306 SNOG_12475 
04:514804-516207 SNOG_02797 
06:53490-55203 SNOG_04104 
09:1326168-1326665 SNOG_06079 
09:36211-37687 SNOG_05468 
06:1351033-1353255 SNOG_04712 
21:107897-108807 SNOG_ll 990 
04:1583066-1583873 SNOG_03319 
09:732526-733125 SNOG_05802 
07 :1168792-1170279 SNOG_05320 
17 :407956-408935 SNOG_10567 
01:1380230-1381612 SNOG_00606 
23:303236-304180 SNOG_12671 
32:78437-79798 SNOG_l4499 
13:426 765-42795 7 SNOG_08675 
07:93610-94491 SNOG_04817 
01:1744919-1746594 SNOG_00776 
01:1377978-1378852 SNOG_00605 
04:1584371-1585043 SNOG_03320 
03:259023-259898 SNOG_Ol 958 
29:203406-204 727 SNOG_l3984 
06:1172804-1173637 SNOG_04635 
01:896877-898005 SNOG_00393 
08:944057-945506 SNOG_07633 
18:298101-298854 SNOG_l0981 
03:130936-132034 SNOG 01901 
Tota l 
Length RPK 
cov (hp) (*1000) dataset 
138 1768 78.05 
137 1780 76.97 
134 1216 110.20 
132 1403 94.08 
130 1713 75.89 
128 497 257.55 
118 1476 79.95 
118 2222 53.11 
114 910 125.27 
112 807 138.79 
108 599 180.30 
108 1487 72.63 
107 979 109.30 
107 1382 77.42 
104 944 110.17 
104 1361 76.41 
102 1192 85.57 
98 881 111.24 
97 1675 57.91 
96 874 109.84 
95 672 141.37 
95 875 108.57 
88 1321 66.62 
86 833 103.24 
86 1128 76.24 
84 1449 57.97 
83 753 110.23 
82 1098 74.68 
Non-normalised data 
BR34 
8 I 24 I 48 8 I 
1 l 2l 3l1l2l3l1l2l 3 1 I 2 I 3 I 
0 4 2 0 1 2 2 11 2 10 10 11 
7 10 2 2 2 7 3 6 2 8 19 9 
8 4 4 0 3 6 9 2 0 13 28 29 
15 4 5 0 5 0 0 1 6 14 22 26 
10 2 5 2 2 5 3 4 0 7 21 9 
0 0 0 0 3 0 2 10 7 0 2 6 
5 7 4 0 2 2 2 1 2 20 21 16 
2 5 2 4 7 0 8 2 4 8 8 10 
9 13 8 0 0 0 0 0 0 18 51 13 
0 1 2 6 2 10 12 6 2 9 8 6 
3 6 7 2 0 8 3 0 0 14 23 29 
11 2 6 2 3 0 1 0 0 14 27 12 
6 8 6 5 1 8 2 3 2 15 32 12 
0 0 1 2 7 4 1 8 6 0 2 3 
2 3 4 2 0 0 1 12 0 10 24 15 
1 2 0 2 2 2 10 4 4 2 4 1 
2 2 2 10 11 2 9 6 5 2 2 9 
0 0 0 3 2 2 0 8 6 0 0 0 
2 0 0 2 1 2 12 4 4 0 1 2 
4 0 4 0 4 2 4 2 3 13 16 8 
2 0 0 2 3 2 11 2 2 7 8 8 
4 0 0 7 4 3 6 6 3 1 4 6 
4 5 4 4 4 0 3 0 0 9 26 20 
0 2 0 0 3 4 4 4 0 5 4 13 
0 0 0 0 4 2 9 7 7 0 0 0 
4 9 1 0 0 0 2 4 2 8 9 20 
0 0 0 7 0 2 6 2 8 0 0 2 
2 2 0 0 0 2 7 0 2 12 5 14 
Grandin 
24 I 48 
1 121 311 1213 
6 4 3 16 20 34 
10 9 2 13 9 17 
4 3 4 7 4 6 
8 6 3 4 6 7 
12 20 1 12 4 11 
13 20 11 21 13 20 
4 2 2 9 6 13 
5 8 8 22 6 9 
1 0 0 0 0 1 
12 8 5 4 11 8 
3 2 2 3 0 3 
7 0 2 17 3 1 
2 0 5 0 0 0 
21 7 15 16 10 4 
16 4 2 4 2 3 
18 16 4 16 8 8 
8 15 14 2 1 0 
4 24 6 19 8 16 
12 15 5 15 9 11 
5 3 0 17 0 11 
9 11 0 16 3 9 
25 12 12 11 8 17 
0 2 0 2 2 3 
9 3 4 18 8 5 
16 14 8 5 2 12 
2 6 5 1 2 9 
12 8 14 12 4 6 
11 18 2 18 9 5 
N 
N 
N 
Table 8 .3.1 continued 
Locus Gene ID 
18:808572-809846 SNOG_l1232 
27:390750-391783 SN OG_13661 
03:1611261-1612235 SNOG_02559 
31:199709-201100 SNOG_14370 
38:130732-132132 SNOG_15467 
15:935978-9364 71 SNOG_09877 
07:1273276-1274151 SNOG_05366 
24:461809-462572 SNOG_l2995 
19:534117 -534893 SNOG_l1512 
1 l :1101113-1101622 SN OG_20078 
32:352243-353121 SNO G_14611 
02:83596-84552 SNOG_01153 
06:2997 38-300911 SNOG_04235 
02:1145261 -1146196 SNOG_01609 
54:9900-10307 SNOG_16571 
09:422t99-422663 SNOG_05654 
34:107287- 108340 SNOG_15003 
06:463066-463755 SN OG_04306 
32:353431-354093 SNOG_14612 
29:215133-215 749 SNOG_13992 
04:1543226-1543851 SNOG_03301 
17:342735-343509 SNOG_10538 
17:580898-581704 SNOG_l0659 
10:1285782-1286534 SNOG_06667 
04:1020902-1021556 SN OG_03054 
34:114050-114809 SNOG_15007 
09 :22564-9-226502 SNOG_05556 
26:165367-165996 SNOG 13335 
Tota l 
cov 
dataset 
76 
73 
71 
71 
70 
68 
67 
66 
66 
64 
63 
62 
62 
59 
58 
58 
58 
57 
54 
53 
51 
51 
51 
49 
48 
48 
46 
45 
Length RPK 
(bp) (*1000) 
1274 59.65 
1033 70.67 
974 72.90 
1391 51.04 
1400 50.00 
493 137.93 
875 76.57 
763 86.50 
776 85.05 
509 125.74 
878 71.75 
956 64.85 
1173 52.86 
935 63.10 
407 142.51 
464 125.00 
1053 55.08 
689 82.73 
662 81.57 
616 86.04 
625 81.60 
774 65.89 
806 63.28 
752 65 .16 
654 73.39 
759 63.24 
853 53.93 
629 71.54 
Non-normalised data 
BR34 
8 I 24 I 48 8 I 
1 ]2]3]1l2l 3l 1]2l 3 1 I 2 I 3 I 
2 6 4 0 2 0 0 3 4 13 7 17 
0 1 0 4 7 5 2 1 2 2 1 0 
2 0 0 4 2 4 2 8 5 0 0 2 
2 0 3 1 2 2 2 0 0 8 14 23 
0 2 0 0 2 6 0 5 0 3 4 4 
4 5 8 0 0 2 0 0 0 13 20 16 
4 1 1 2 0 4 2 0 0 3 10 6 
4 0 0 1 0 1 4 0 0 16 15 12 
2 0 2 1 2 8 0 6 4 5 7 2 
4 4 0 0 0 0 2 4 2 11 13 4 
0 0 0 3 2 1 4 3 3 4 7 2 
4 6 4 0 0 0 0 0 0 9 14 25 
1 0 6 2 0 0 0 3 0 1 10 4 
1 0 2 8 8 1 0 0 2 14 14 7 
0 0 0 2 0 0 0 1 3 2 2 2 
2 4 0 0 6 0 3 4 0 0 4 9 
4 0 6 0 0 0 1 3 2 6 11 6 
0 0 0 0 4 1 6 1 2 0 0 0 
2 2 2 3 2 4 5 0 0 3 7 4 
0 2 0 2 2 0 3 4 1 0 2 0 
4 3 , 0 2 0 3 0 1 1 4 6 8 
0 0 0 2 2 0 2 5 2 0 0 0 
0 6 7 3 0 0 0 0 0 8 10 17 
109 90 97 83 70 68 75 90 86 79 69 103 
0 0 0 0 0 1 1 2 0 4 4 0 
0 2 0 0 0 0 12 2 0 0 5 6 
0 2 2 2 0 0 8 0 0 4 16 5 
2 6 2 0 0 3 0 0 0 4 12 14 
Grandin 
24 I 48 
1 I 2 I 3 I 1 I 2 I 3 
0 6 0 6 2 4 
12 15 7 8 2 4 
6 6 4 7 5 14 
3 0 0 2 5 4 
6 4 2 18 7 7 
0 0 0 0 0 0 
3 3 3 6 6 13 
0 1 4 2 2 4 
1 0 4 14 4 4 
12 0 2 3 1 2 
9 4 4 6 5 6 
0 0 0 0 0 0 
10 6 1 10 4 4 
2 0 0 0 0 0 
16 4 1 16 4 5 
5 4 2 5 4 6 
4 2 0 8 4 1 
8 16 1 8 2 8 
13 2 3 3 11 12 
12 4 7 7 2 5 
4 3 2 4 4 2 
9 11 7 6 0 5 
0 0 0 0 0 0 
59 80 63 106 91 108 
5 8 2 10 5 6 
2 0 2 9 5 3 
0 0 0 2 1 4 
0 0 2 0 0 0 
"' 
"' w
Table 8.3.1 continued 
Locus Gene ID 
05:294214-294806 SNOG_03478 
26:163186-163968 SNOG_13334 
10 :387021-387639 SNOG_06247 
01 :465023-465526 SNOG_00200 
03:257634-258269 SNOG_Ol 957 
20:496157-496915 SNOG_l1830 
17:276485-277153 SNOG_l0510 
14:10434-11126 SNOG_08981 
32:307698-308315 SNOG_l4593 
02:964056-964574 SNOG_01513 
18:271242-271640 SNOG_l0973 
05:1032136-1032600 SNOG_03832 
26:86987-87352 SNOG_13300 
11 :1223005-1223452 SNOG_07214 
29:33452-33928 SNOG_13909 
26:409575-409955 SNOG_20147 
07:1124742-1125160 SNOG_05298 
38:43274-43474 SNOG_l5422 
15:744620-744926 SNOG_09782 
ll:475038-475344 SNOG_06895 
29:246161-246517 SNOG_14006 
04:731346-731627 SNOG_20030 
20:440854-441137 SNOG_l1802 
11:923979-924233 SNOG_07085 
07:557685-557874 SNOG_05035 
20:230861-230971 SNOG 20127 
Total Length RPK 
cov (hp) (*1000) dataset 
43 592 72.64 
42 782 53.71 
41 618 66.34 
39 503 77.53 
38 635 59.84 
38 758 50.13 
36 668 53.89 
36 692 52.02 
35 617 56.73 
33 518 63.71 
32 398 80.40 
31 464 66.81 
27 365 73.97 
27 447 60.40 
25 476 52.52 
24 380 63.16 
23 418 55.02 
21 200 105.00 
21 306 68.63 
21 306 68.63 
19 356 53.37 
15 281 53.38 
15 283 53.00 
13 254 51.18 
12 189 63.49 
6 110 54.55 
Non-normalised data 
BR34 
8 I 24 I 48 8 
1 lzl3l1i 2l 3l1l z l 3 1 I 2 I 
2 2 0 1 2 2 6 3 1 0 0 
0 0 2 0 2 0 4 0 0 2 4 
0 0 0 2 4 1 6 0 0 0 0 
0 0 0 0 0 0 0 4 2 0 0 
0 0 0 0 0 2 2 5 2 0 2 
0 0 0 2 4 0 0 2 5 0 0 
0 4 4 0 0 0 0 0 0 13 10 
0 0 0 2 1 2 0 4 0 4 4 
0 0 0 2 0 0 1 3 2 0 0 
0 2 4 2 0 0 2 0 0 8 8 
0 0 0 0 0 0 0 4 4 2 0 
0 0 0 0 0 0 0 0 4 0 0 
2 2 1 2 2 0 3 2 0 0 3 
0 0 0 0 0 0 0 3 3 0 0 
0 0 0 0 0 4 4 2 0 2 6 
1 3 2 0 2 0 0 1 0 6 6 
0 0 0 0 0 0 0 4 2 0 0 
0 0 0 0 0 0 2 3 0 0 0 
0 0 2 0 0 0 0 0 0 2 3 
0 0 0 0 0 0 5 0 1 0 0 
0 2 0 0 0 0 0 2 0 3 0 
0 1 1 0 2 0 1 0 0 0 2 
0 1 0 0 0 2 1 2 2 0 0 
0 0 1 0 0 0 2 0 0 1 0 
2 0 2 0 0 2 0 0 2 0 2 
0 0 0 0 0 0 0 0 0 0 0 
Gra ndin 
I 24 I 48 
3 1 1 1 2 I 3 I 1 I 2 I 3 
0 6 3 4 6 3 2 
5 0 4 0 12 2 5 
0 7 3 5 3 3 7 
0 10 2 0 4 6 11 
0 0 4 7 7 3 4 
0 10 3 0 8 0 4 
5 0 0 0 0 0 0 
2 4 0 4 4 0 5 
0 2 4 3 18 0 0 
2 0 0 0 4 1 0 
2 0 5 2 5 4 4 
0 0 0 0 10 11 6 
2 2 0 4 0 2 0 
0 4 3 3 7 2 2 
4 1 0 0 0 0 2 
1 0 1 1 0 0 0 
0 4 5 3 1 1 3 
0 3 3 0 4 2 4 
3 0 2 1 3 1 4 
0 2 2 4 2 1 4 
6 4 0 0 2 0 0 
3 0 0 1 2 0 2 
0 0 2 0 2 0 3 
1 0 6 0 2 0 0 
0 0 0 2 0 0 0 
4 1 0 0 0 1 0 
Table 8.3.1 continued 
Avera es of normalised data SE Student t-test resuts 
BR34 Grandin BR34 Grandin 
Gene ID 
Bvs G 
8
~;s 
BB vs GB vs 824 vs\ 848 vs 
8 24 48 8 24 48 8 24 48 8 24 48 848 G4S G24 G4S 
SNOG_00148 23.72 8.21 8.03 72.80 15.69 10.95 3.10 0.84 3.38 6.53 2.33 1.45 0.014 0.038 0.287 
Unidentifi ed 0.00 25.14 72.56 0.00 206.90 162.36 0.00 10.87 27.33 0.00 41.81 19.05 0.029 0.192 
SNOG_07794 0.40 1.60 2.39 0.80 10.08 17.06 0.20 1.06 0.46 0.20 1.10 4.90 0.036 0.109 
SNOG_l 1847 23.71 9.12 14.14 101.23 26.45 26.45 2.54 2.41 7.30 10.36 7.91 9.49 oms 0.100 0.403 
SNOG_l4859 9.49 0.00 0.97 50.12 0.97 0.49 1.69 0.00 0.97 13.07 0.49 0.49 0.116 0.094 0.081 0.059 0.184 0.742 
N I SN OG_09659 2.05 7.31 13.70 3.65 17.58 26.26 0.40 1.00 7.54 1.21 4.72 2.69 o.os 6 o.423 o.247 fo'.oo-;;'1 0.202 0.323 N 
.i,,. SNOG_07065 0.00 3.55 4.57 1.02 34.02 18.02 0.00 2.42 2.28 0.51 5.32 1.27 O.OllJ 0.184 0.184 - 0.020 0.050 
SNOG_07502 0.54 6.22 7.84 0.27 24.33 24.06 0.54 2.58 1.89 0.27 10.64 2.74 0.037 o.423 [ 0~03s- o.016j 0.246 0.072 
SNOG_00161 0.00 4.16 9.70 0.00 45.05 19.06 0.00 2.40 3.86 0.00 9.23 4.89 0.052 0.128 0.060 0.070 0.346 
SN OG_069 25 1.93 7.33 6.56 7.14 9.84 8.87 0.70 1.54 3.43 2.27 2.19 2.51 0.116 0.216 0.204 0.715 
SNOG_097 36 10.52 3.38 3.01 49.98 6.39 6.76 2.71 2.35 1.50 2.63 3.08 3.44 0.6 23 0.370 
SNOG_00807 0.26 5.64 7.17 0.00 24.34 14.09 0.26 1.28 2.71 0.00 4.00 3.59 0.025 0.098 
SNOG_15917 17.08 8.83 7.66 55.95 20.02 51.24 2.12 1.02 3.28 6.23 1.18 7.70 0.003 0.014 
SNOG_02647 2.57 2.32 2.93 10.52 4.52 0.98 1.10 0.61 1.12 1.60 0.68 0.24 0.059 0.270 
SNOG_13924 4.32 0.54 4.32 13.50 12.69 17.00 1.08 0.54 1.08 1.64 5.54 2.60 0.184 0.021 
SNOG_07548 0.00 3.51 4.56 1.05 10.52 10.52 o.oo' 0.93 1.43 0.53 1.90 2.12 0.026 0.168 
SNOG_10667 7.50 3.75 1.88 27.60 2.95 1.88 1.07 1.07 1.07 1.63 2.56 0.54 0.107 0. 762 1.000 
SNOG_00960 0.95 1.66 5.70 1.90 13.07 12.35 0.48 0.63 1.48 0.48 2.27 1.56 M OB 0.057 0.060 
SNOG_10569 0.00 4.19 11.51 1.05 29.30 30.35 0.00 4.19 1.89 1.05 9.52 3.18 0.016 0.13 5 0.065 
SNOG_Ol331 4.6 2 2.94 9.66 25.61 7.98 10.50 1.11 0.42 4.13 3.44 3.28 2.94 O.D38 0.300 0.826 
SNOG_OS032 1.19 7.40 5.01 4. 30 8.83 8.12 0.63 3.84 1.80 1.43 3.13 2.28 0.211 0.094 0.350 0.836 0.023 
SNOG_04645 3.15 1.68 4.00 9.67 4.63 5.89 0.96 0.42 0.76 4.01 1.52 1.17 0.056 0.318 0.184 0.501 0.250 0.188 
Table 8.3.1 continued 
Avera es of normalised data SE Student t-test resuts 
BR34 Grandin BR34 Grandin 
Gene ID BB vs BB vs GB vs 824 vs 848 vs 
8 24 48 8 24 48 8 24 48 8 24 48 B vs G GB 848 G48 G24 G48 
SNOG_05601 1.13 0.57 2.83 5.84 2.45 13.20 0.65 0.33 1.70 0.19 0.50 3.09 O.Dl 1 0.020 0.286 0.127 0.149 0.120 
SNOG_03780 3.56 2.06 2.06 6.74 3.93 7.30 1.31 0.94 0.68 1.97 1.41 1.30 0.013 0.142 0.184 0.874 0.509 0.115 
SNOG_l2475 4.39 2.47 3.02 19.19 3.02 4.66 1.10 1.42 2.24 4.26 0. 27 0.73 0.082 0.1 10 0.370 0.094 0.742 0.478 
SNOG_02797 5.70 1.19 1.66 14.73 4.04 4.04 2.50 1.19 1.32 2.51 1.04 0.63 0.360 0.030 0.195 0.109 
SNOG_04104 3.31 1.75 1.36 7.20 6.42 5.25 1.36 0.58 0.70 2.55 3.22 1.47 0.346 0.676 0.339 0.188 
SNOG_06079 0.00 2.01 12.74 5.37 29.51 36.22 0.00 2.01 4.69 3.55 5.49 5.06 0.113 0.035 0.016 0.130 
SNOG_05468 3.61 0.90 1.13 12.87 1.81 6.3 2 0.60 0.45 0.23 1.03 0.45 1.37 0.093 0.111 0.423 0.049 
SNOG_04712 1.35 1.65 2.10 3.90 3.15 5.55 0.45 0.91 0.79 0.30 0.45 2.21 0.588 0.552 0.289 0.137 
SNOG_ll990 10.99 0. 00 0.00 30.04 0.3 7 0.37 1.68 0.00 0.00 13.10 0.3 7 0.3 7 0.184 0.2 37 0.023 0.156 0.423 0.423 
SN OG_03319 1.24 7.43 8.26 9.50 10.33 9.50 0.72 2.86 3.60 1.09 2.51 2.51 0.122 0.044 0.245 1.000 0.590 0.845 
N I SNO G_058 02 8.90 5.56 1.67 36.73 3.90 3.34 2.01 4.01 1.67 7.28 0.56 1.67 0.105 O.o35 0.186 0.049 0.729 0.423 
N SNO G_05320 4.26 1.12 0.22 11.88 2.02 4.71 1.75 0.59 0.22 3.16 1.40 3.38 0.056 0.242 0.122 0.305 0. 625 0.292 (.1l 
SNOG_l0567 6.81 4.77 2.38 20 .09 2.38 0.00 0.68 2.07 0.34 6.36 1.48 0.00 0.386 0.145 L2:006 0.087 0.073 0.020 
SN OG_00606 0.24 3.14 3.62 1.2 1 10.37 7.2 4 0.24 1.05 1.51 0.64 2.93 2.5 1 0.063 0.184 0.148 0.194 0. 211 0.433 
SNO G_l2671 3.18 0.71 4.59 17.30 7.77 3.18 0.61 0.7 1 4.07 4.34 4.63 0.61 0.065 0.077 0.767 0.104 0.214 0.787 
SNOG_l 4499 0.73 1.47 4.41 1.71 9.31 7.84 0.42 0.00 1.47 0.65 3.21 1.96 O.D18 0.057 0.138 0.10 7 0.135 0.020 
SN OG_086 75 1.68 6.43 5.59 3.64 10.35 0.84 0.00 2.39 1.01 1.96 1.83 0.48 0.836 0.423 0.060 0.362 0.369 0.014 
SNOG_04817 0.00 2.65 5.30 0.00 12.86 16.27 0.00 0.38 2.73 0.00 7.22 3.73 0.066 0.192 0.0 49 0.304 0.220 
SNOG_00776 0.40 1.00 3.98 0.60 6.37 6.97 0.40 0.20 1.59 0.34 1.77 1.05 O.D19 0.808 0.095 0.040 0.107 0.049 
SN OG_00605 3.05 2.29 3.43 14.11 3.05 10.68 1.53 1.32 0.66 2.67 1.66 5.70 0.034 0.109 0.742 0.690 0.789 0.287 
SN OG_03320 0.99 3.47 7.44 11.41 9.92 13.89 0.99 0.50 4.46 a.so 5.03 5.59 0.020 0.2 04 0.721 0.306 0.133 
SNOG_Ol 958 1.52 5.33 5.71 4.19 18.67 13.71 1.52 1.37 1.14 1.66 4.95 3.02 0.010 i 0.483 0.093 0.062 0.067 0.192 
SNO G_13984 3.28 2.02 0.76 13.88 a.so 1.77 0.25 1.01 0.76 3.77 0.50 0.25 0.155 0.098 0.109 0.083 0.225 0.383 
SNOG_04635 0.80 2.80 3.20 8.80 6.40 12.40 0.80 1.44 1.60 3.42 2.23 4.72 0.010 0.179 0.225 0.671 0.423 0.137 
SNO G_00393 0.00 1.77 6.80 0.00 11.2 3 5.61 0.00 1.02 0.59 0.00 2.13 2.63 0.208 0.007 0.166 0.067 0.716 
SNOG_07633 3.22 0.00 1.84 8.51 2.99 2.76 1.61 0.00 0.46 2.65 0.83 1.74 0.316 0.368 o.ozs 0.069 0.686 
SNOG_10981 0.00 3.98 7.08 0.89 15.05 9.74 0.00 2.76 2.3 4 0.89 2.34 3.19 0.423 0.094 0.13 0 0.054 0.478 
SNOG_Ol 901 1.21 0.61 2.73 9.41 9.41 9.7 1 0.61 0.61 1.90 2.48 4.22 3.50 0.10 7 0.497 0.950 0.206 0.086 
Table 8.3.1 continued 
Avera es of normalised data SE Student t-test resuts 
BR34 Grandin BR34 Grandin 
Gene ID B vsG B8 vs BB vs G8vs B24 vs B48 vs 
8 24 48 8 24 48 8 24 48 8 24 48 GB B48 G48 G24 G48 
SNOG_ll 232 3.14 0.52 1.83 9.68 1.57 3.14 0.91 0.52 0.94 2.28 1.57 0.91 0.061 0.154 0.199 0.074 0.42 3 0.525 
SNOG_13661 0.32 5.16 1.61 0.97 10.97 4.52 0.32 0.85 0.32 0.56 2.26 1.71 0:01?] 0.423 0.184 0.128 0.095 0.188 
SNOG_02559 0.68 3.42 5.13 0.68 5.48 8.90 0.68 0.68 1.78 0.68 0.68 2.80 0.166 1.000 0.204 0.062 0.225 0.408 
SNOG_14370 1.20 1.20 0.48 10.78 0.72 2.64 0.63 0.24 0.48 3.13 0.72 0.63 0.067 0.081 0.423 0.102 0.667 0.188 
SNOG_15467 0.48 1.90 1.19 2.62 2.86 7.62 0.48 1.26 1.19 0.24 0.82 2.62 0.056 O.o35 l 0.423 0.222 0.691 0.197 
SNOG_09877 11.49 1.35 0.00 33.13 0.00 0.00 2.44 1.35 0.00 4.11 0.00 0.00 0.126 0_040 o.o,iz_' o.oru 0.423 -
SNOG_05366 2.29 2.29 0.76 7.24 3.43 9.52 1.14 1.32 0.76 2.32 0.00 2.67 0.022 0.274 0.057 0.5 97 0.478 0.107 
SNOG_l 2995 1.75 0.87 1.75 18.79 2.18 3.49 1.75 0.44 1.75 1.58 1.58 0.87 0.04:0 . 0.006] ([o24J 0.478 0.529 
SNOG_11512 1.72 4.73 4.30 6.01 2.15 9.45 0.86 2.82 2.27 1.87 1.55 4.30 0. 368 0.242 0.478 0.524 0.225 0.510 
SNOG_20078 5.24 0.00 5.24 18.34 9.17 3.93 2.62 0.00 1.31 5.36 7.29 1.13 1.000 0.128 0.336 0.635 
"' 
I SNOG_l4611 0.00 2.28 3.80 4.94 6.45 6.45 0.00 0.66 0.38 1.65 1.90 0.38 o'."oTol o.s29 0.093 0.020 
"' SNOG_Ol 153 4.88 0.00 0.00 16.74 0.00 0.00 0.70 0.00 0.00 4.94 0.00 0.00 a, 
SNOG_04235 1.99 0.57 0.85 4.26 4.83 5.12 1.58 0.57 0.85 2.26 2.22 1.71 _]]ill 0.547 0.659 0.840 0.138 0.199 
SNOG_01609 1.07 6.06 0.71 12.48 0.71 0.00 0.62 2.50 0. 71 2.50 0.71 0.00 0.5 32 0.064 0.423 [ 0.038] 0.138 0.423 
SNOG_16571 0.00 1.64 3.28 4.91 17.20 20.48 0.00 1.64 2.17 0.00 11.26 9.45 0:0271 0.270 0.241 0.248 0.261 
SNOG_05654 4.31 4.31 5.03 9.34 7.90 10.78 2.49 4.31 2.59 5.61 1.90 1.24 0.115 0.562 0.423 0.802 0.497 0.270 
SNOG_l5003 3.17 0.00 1.90 7.28 1.90 4.12 1.68 0.00 0.55 1.58 1.10 1.93 0.056 0.329 0.604 0.346 0.225 0.434 
SNOG_04306 0.00 2.42 4.35 0.00 12.09 8.71 0.00 1.74 2.22 0.00 6.29 2.90 0.060 0.188 0.095 0.199 0.188 
SNOG_14612 3.02 4.53 2.52 7.05 9.06 13.09 0.00 0.87 2.52 1.82 5.30 4.30 0.049 0.157 0.860 0.225 0.483 0.261 
SNOG_13992 1.08 2.16 4.33 1.08 12.45 7.58 1.08 1.08 1.43 1.08 3.79 2.36 0.063 0.074 0.195 0.113 0.423 
SNOG_03301 3.73 2.67 1.07 9.60 4.80 5.3 3 1.92. 1.41 0.5 3 1.85 0.92 1.07 o.01 9J o.257 0.370 0.270 0.38 3 0.094 
SNOG_l0538 0.00 1.72 3.88 0.00 11.63 4.74 o.od 0.86 1.29 0.00 1.49 2.40 0.099 0.095 0.187 0.00 7 0.837 
SNOG_l0659 5.38 1.24 0.00 14.47 0.00 0.00 2.71 1.24 0.00 3.39 0.00 0.00 0.180 0.053 0.186 0.051 0.423 -
SNOG_06667 131.21 97.96 111.26 111.26 89.54 135.20 7.38 6.25 5.96 13.42 8.56 7.13 0.878 0.300 0.273 0.114 0.586 0.180 
SNOG_03054 0.00 0.51 1.53 4.08 7.65 10.70 0.00 0.51 0.88 2.04 2.65 2.34 0.184 0.225 0.122 0.148 0.074 
SNOG_l5007 0.88 0.00 6.15 4.83 1.76 7.47 0.88 0.00 4.89 2.45 0.88 2.32 0.225 0.423 0.635 0.184 0.667 
SNOG_05556 1.56 0.78 3.13 9.77 0.00 2.74 0.78 0.78 3.13 4.51 0.00 1.03 0.184 0.728 0.315 0.423 0.921 
SNO G_13335 5.30 1.59 0.00 15.90 1.06 0.00 2.12 1.59 0.00 4.86 1.06 0.00 0.149 0.130 0.082 0.42 3 -
rv 
rv 
.._, 
Table 8.3.1 continued 
Averages of normalised data 
8R34 Grandin 
Gene ID 
I 24 I I I 8 48 8 24 
SNOG_03478 2.25 2.82 5.63 0.00 7.32 
SNOG_l3334 0.85 0.85 1.71 4.69 1.71 
SNOG_06247 0.00 3.78 3.24 0.00 8.09 
SNOG_00200 0.00 0.00 3.98 0.00 7.95 
SNOG_01957 0.00 1.05 4.72 1.05 5.77 
SNOG_l 1830 0.00 2.64 3.08 0.00 5.72 
SNOG_l0510 3.99 0.00 0.00 13.97 0.00 
SNOG_08981 0.00 2.41 1.93 4.82 3.85 
SNOG_l4593 0.00 1.08 3.24 0.00 4.86 
SNOG_01513 3.86 1.29 1.29 11.58 0.00 
SNOG_10973 0.00 0.00 6.70 3.35 5.86 
SNOG_03832 0.00 0.00 2.87 0.00 0.00 
SNOG_l3300 4.57 3.65 4.57 4.57 5.48 
SNOG_07214 0.00 0.00 4.47 0.00 7.46 
SNOG_13909 0.00 2.80 4.20 8.40 0.70 
SNOG_20147 5.26 1.75 0.88 11.40 1.75 
SNOG_05298 0.00 0.00 4.78 0.00 9.57 
SNOG_l5422 0.00 0.00 8.33 0.00 10.00 
SNOG_09782 2.18 0.00 0.00 8.71 3.27 
SNOG_06895 0.00 0.00 6.54 0.00 8.71 
SNOG_l4006 1.87 0.00 1.87 8.43 3.75 
SNOG_20030 2.37 2.37 1.19 5.93 1.19 
SNOG_11802 1.18 2.36 5.89 0.00 2.36 
SNOG_07085 1.31 0.00 2.62 2.62 7.87 
SNOG_05035 7.05 3.53 3.53 3.53 3.53 
SNOG 20127 0.00 0.00 0.00 12.12 3.03 
8R34 
48 8 I 24 I 48 
6.19 1.13 0.56 2.45 
8.10 0.85 0.85 1.71 
7.01 0.00 1.43 3.24 
13.92 0.00 0.00 2.30 
7.35 0.00 1.05 1.57 
5.28 0.00 1.52 1.92 
0.00 2.00 0.00 0.00 
4.34 0.00 0.48 1.93 
9.72 0.00 1.08 0.94 
3.22 2.23 1.29 1.29 
10.89 0.00 0.00 3.35 
19.40 0.00 0.00 2.87 
1.83 0.91 1.83 2.42 
8.20 0.00 0.00 2.24 
1.40 0.00 2.80 2.43 
0.00 1.52 1.75 0.88 
3.99 0.00 0.00 2.76 
16.67 0.00 0.00 4.41 
8.71 2.18 0.00 0.00 
7.63 0.00 0.00 4.99 
1.87 1.87 0.00 1.87 
4.74 1.19 2.37 1.19 
5.89 1.18 2.36 1.18 
2.62 1.31 0.00 2.62 
0.00 3.53 3.53 3.53 
3.03 0.00 0.00 0.00 
SE Student t-test resuts 
Grandin 
I 24 I 48 
88vs 88vs G8vs 824 vs 848 vs 
8vs G 
GB G48 G24 G48 8 848 
0.00 1.49 2.03 0.456 0.184 0.184 0.093 0.157 0.423 
1.13 1.71 3.79 0.009 0.035 0.742 0.547 0.423 0.102 
0.00 1.87 2.16 0.161 0.423 0.083 0.287 0.506 
0.00 6.07 4.14 0.052 0.225 0.078 0.321 0.138 
1.05 3.19 1.89 0.064 0.423 0.095 0.147 0.188 0.497 
0.00 3.91 3.05 0.328 0.250 0.225 0.499 0.652 
3.49 0.00 0.00 0.176 0.195 0.184 0.057 -
0.96 1.93 2.21 0.070 O.D38 0.423 0.885 0.423 0.618 
0.00 0.94 9.72 0.321 0.074 0.423 0.192 0.601 
3.86 0.00 2.32 0.242 0.321 0.529 0.096 0.423 0.225 
1.68 3.65 0.84 0.031 0.184 0.184 0.035 0.250 0.423 
0.00 0.00 3.29 0.131 0.423 ~ 28 - 0.115 
2.42 3.16 1.83 0.877 1.000 1.000 0.225 0.742 0.423 
0.00 0.75 3.73 0.105 0.184 0.159 0.0 10 0.596 
2.43 0. 70 1.40 0.640 0.074 0.225 0.130 0.580 0.529 
4.39 0.88 0.00 0.360 0.317 _QJ) 38 0.122 1.000 0.423 
0.00 1.38 1.59 0.171 0.225 0.130 0.020 0.826 
0.00 5.00 3.33 0.074 0.199 0.038 0.184 0.370 
1.09 1.89 2.88 0.074 0.423 1.000 0.225 0.094 
0.00 2.18 2.88 0.184 0.321 0.118 0.057 0.868 
4.87 3.75 1.87 0.216 0.423 0.336 0.423 1.000 
3.14 1.19 2.37 0.214 0.225 0.667 0.808 0.742 0.225 
0.00 2.36 3.12 0.813 0.423 0.057 0.199 1.000 1.000 
1.31 7.87 2.62 0.274 0.423 0.742 1.000 0.423 -
3.53 3.53 0.00 0.347 0.667 0.423 0.423 - 0.423 
12.12 3.03 3.03 0.169 0.423 0.580 0.423 0.423 
Table 8.3.2 
List of genes expressed during an infection of S. nodorum and wheat. Genes are 
identified by a Stagonospora nodorum gene (SNOG) number. The normali sed gene 
expression values across the entire dataset are indicated by reads per kilo base of 
exon model (RPK). Signa!P 4.1 was used to determine if the predicted proteins 
contained a signal peptide or transmembrane (TM) domain. Sequence similarities 
to proteins from other organisms were searched using BlastP (NCBI). 
Gene ID RPK SignalP TM Similarities to other proteins domain 
Unknown 1400.86 N y Pt-1C-8FP hypothetical, Magnaporthe glucose repressible 
SNOG_00148 418.17 y N Unique 
SNOG_00161 233.89 N y period circadian protein 
SNOG_00200 77.53 y N putative maj or allergen alt [Neofusicoccum pa 
SNOG_00393 76.24 N y cortical patch protein [Pyrenophora tr 
SNOG_00605 109.84 y N GP! anchored serine-threonine rich protein [ Pt-lC-BFP] 
SNOG_00606 77.42 y N glycoside hydrolase 
SNOG_00776 57.91 N N meiotic expression up-regulated protein 1.. 
SNOG_00807 154.50 N N Opsin like (G prot coupled receptor) 
SNOG_00960 106.91 N N glyoxylate pa thway regula tor [Pyrenophora ... 
SNOG_Ol153 64.85 N y peroxidase 40 precursor [Pyrenophora 
tri 
SNOG_Ol331 183.88 y N CAP; Cysteine-rich secretory protein family 
SNOG_Ol513 63.71 N N 
SNOG_01609 63.10 y N cell surface protein (Masl] [Py renophora 
SNOG_Ol901 74.68 y N carbohydrate esterase family 5 protein [Bipola ... 
SNOG_Ol 957 59.84 N N 
SNOG_Ol958 108.57 y N 
SNOG_02559 72.90 N N RNA-binding protein Vipl [Pyrenophora tri 
SNOG_02647 71.53 N N Unique 
SNOG_02797 94.08 y N glycoside hydrolase 
SNOGc03054 73.39 y N Pc22g22290 [Penicillium chrysogenum 
SNOG_03301 81.60 N N 
SNOG_03319 138.79 N N Histone H3 
SNOG_03320 141.37 N N Histone H4 
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Table 8 .3.2 continued 
Gene ID RPK Signa lP TM Sim ilarities to other proteins domain 
SNOG_03478 72 .64 N N 
SNOG_03780 76.97 N N cutinase G-box binding protein [Pyrenopho ... 
SNOG_03832 66.81 N y 
SNOG_04104 75.89 N N high affinity glucose transporter RGT2 [P 
SNOG_04235 52.86 N N similar to C2H2 conidiation 
transcription 
SNOG_04306 82.73 N N Thij/Pfp l family protein [Pyrenophora 
tri ... 
SNOG_04635 103.24 N N similar to An01g05600 [Aspergillus kawachii 
SNOG_04645 87.07 N N glycoside hydrolase 
SNOG_04712 53.11 N N fumarate reductase [Pyrenophora 
SNOG_04817 111.24 N N DUFl 761-domain-containing protein [Mycosphaere. 
SNOG_05032 104.58 y N putative heme-thiolate peroxidase 
aromatic per. 
SNOG_05035 63.49 N N Unique 
SNOG_05298 55.02 N N 
SNOG_05320 72.63 y N CP I-anchored cell wall organization prote .. 
SNOG_05366 76.57 y N YALlOE17941p [Yarrowia lipolyti 
SNOG_05468 79.95 y N similar to secretory lipase 1 precursor [Botr ... 
SNOG_05556 53.93 y N similar to trypsin-like protease 1 [Lepta .. 
SNOG_05601 78.05 N N ADP/ ATP carrier protein [Pyrenophora 
t 
SNOG_05654 125.00 N N Pc22g03490 [Penicillium chrysogenum 
XP_001821309.2I hydrophobic surface 
SNOG_05802 180.30 y N binding protein A [As., antigenic cell 
wall [Colletotrichum, 
SNOG_06079 257.55 y N Hypothetical to l. maculans le-15 but 
nothing else sign ifi cant.. 
SNOG_06247 66.34 N N EOD43506.ll putative non-classical 
export protein [Neofusi 
SNOG_06667 65.16 N N ubiquitin [Schizosaccharomyces 
SNOG_06895 68.63 N y 
SNOG_06925 125.00 N N aldehyde dehydrogenase [Pyrenophora 
SNOG_07065 183.55 N N putative allergen protein [Botryotinia fuckel 
SNOG_07085 51.18 y N Unique 
SNOG_07214 60.40 N N putative mitochondrial carrier protein pets pr .. 
SNOG_07502 189.78 N N simi lar to An06g01260 [Aspergillus 
SNOG_07548 90.43 N N Malate synthase 
SNOG_07633 57.97 N N 
G protein signaling regulator like 
protein [Do ... 545 
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Table 8.3.2 continued 
Gene ID RPK SignalP TM domain Similarities to other prote ins 
SNOG_07794 96.98 N N QOUKC0.2 ISARl_PH ANO RecNa me: Full=Smal l COP!! coat GTPase .. 
SNOG_08675 85.57 N N alcohol dehydrogenase 1 [Pyrenophora 
trit.. 
SNOG_08981 52.02 y N Uniq ue 
SNOG_09659 167.81 y N Cloroperoxidase [Mycosphaerella 
SNOG_09736 240.14 y N Ferritin/ri bon ucleotide reductase -l ike protein 
SNOG_09782 68.63 N N Unique 
SNOG_09877 137 .93 N N EO D48479.ll putative polyketide 
synthase protein [Neo fusic ... 
SNOG_10510 53.89 N N 
SNOG_l0538 65.89 N N 
SNOG_l0567 109.30 y N putative mas3 protein [Togninia minima UCRPA7] 
SNOG_10569 229.20 N y stress response RC I peptide, Fusarium Plasma membrane proteolipid 3, 
SNOG_10659 63.28 N N 1,3,6,8-tetra-HN reductase 
SNOG_l0667 1 36.66 y N ABK41436.l l CAS1 [Colletotrichum gloeosporioides 
SNOG_l0973 80.40 N N 
SNOG_10981 110.23 y N glycoside hydrolase 
SNOG_l1232 59.65 y N 
SNOG_l1512 85.05 N N Unique 
SNOG_l1802 53.00 N N Unique 
SNOG_11830 50.13 N N 
SNOG_l1847 430.92 y N 
SNOG_l1990 125.2 7 N N 1,3,8-trih ydroxynaph thalene red uctas e [Setosph 
SNOG_l2475 110.20 y N putative cell wall glucanase protein [Neofusic .. 
SNOG_l2671 110.17 y N 
SNOG_l2995 86.50 y N Un ique 
SNOG_13300 73.97 N N Unique 
SNOG_l3334 53.71 N N ATP synthase subunit 9 [Pyrenophora 
trit 
SNOG_l3335 71.54 y N surface-located membrane protein 1 [Borre. 
SNOG_l3661 70.67 y N Unique 
SNOG_13909 52.52 y N 
SNOG~13924 15 7.09 N y glycoside hydrolas e 
SNOG_l3984 66.62 N y integral membrane protein [Colletotrichum 
SNOG_l3992 86.04 y N 
SNOG_l4006 53.37 N y Un ique 
SNOG 14370 51.04 y N tyrosinase domain 
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Table 8.3 .2 continued 
Gene ID RPK SignalP TM Similarities to o the r pro te ins domain 
SNO G_1 4499 76.41 N y 
SNOG_14593 56.73 N N ea domain conta ining protein [M arssonina brun 
SNO G_14611 71.75 N N histone h2a 
SNOG_l4612 81.57 N N putative histo ne h2b protein [N eofusicoccum 
SNO G_14859 186.13 y N CND3 [Botryotinia fuckeliana 
SNOG_15003 55.08 y N period circadian protein 
SNOG_l5007 63.24 y N GP I anchored CFEM domain conta ining prate. 
SNOG_15422 105.0 0 y N EC87 protein [Co lletotrichum higginsianum] 
SNOG_15467 50.00 y N glycosyl hydrolase 72 
SNOG_15917 351.59 y N 
SNOG_l6571 142.51 y N Unique 
SN OG_200 30 53.38 N N Unique 
SN OG_2 0078 125.74 y N Unique 
SNOG_20127 54.55 N N Unique 
SN OG 20147 63.16 y N Unique 
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